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Hydrogels of poly(N-vinylpyrrolidone) (PVP) and the copolymer of N-vinylpyrrolidone–maleic 
acid, i.e. poly(NVP-MA) were prepared by free radical polymerization of NVP and MA at room 
temperature, using N,N’-bis(3-carboxy-1-oxo-2-prop-2-enyl)ethylenediamine (BCOPENH2) as 
a multifunctional crosslinker, and the ammonium persulfate (APS)/N,N’,N’,N’-
tetramethylethylenediamine (TEMED) redox initiation system. The effects of BCOPENH2 and 
maleic acid concentration on hydrogel formation were investigated. Homopolymer PVP 
hydrogels were weak and brittle, and fragmented easily when swollen in water. Conversely, 
poly(NVP-MA) hydrogels retained their shape when swollen. The effect of MA concentration 
and variation of pH on the swelling behaviour of PVP/MA hdyrogels was investigated. The 
swelling behaviour of the poly(NVP-MA) hydrogels showed a pH dependency. Furthermore, 
the maleic acid concentration influenced the degree of swelling. At lower MA concentrations 
poly(NVP-MA) hydrogels exhibited lower swelling ability, only achieving % swelling ratio (% 
SR) < 250 %. An increase in MA concentration resulted in an increase in swelling ability, with 
hydrogels achieving % SR > 1000 %. In addition to preparing chemically crosslinked hydrogels, 
preliminary studies on nanocomposite hydrogels composed of PVP and laponite clay was 
conducted. The effect of clay and NVP content on the formation of hydrogels was investigated, 
and these were characterized via TGA SEM, STEM and XRD analysis. In addition, the 
mechanical behaviour of formulated hydrogels were studied using compression tests. 
Owing to the high swelling ability, PVP/MA hydrogels were used in preliminary adsorption 
experiments of methylene blue (MB). The PVP/MA hydrogels achieved 133 mg/g adsorption 
capacity towards MB. The effect of adsorbent dosage, pH, initial MB concentration and 
temperature, on hydrogel adsorption capacity were investigated. Adsorption behaviour of 
PVP/MA hydrogels was concentration dependant; at low MB initial concentrations, the 
adsorption behaviour followed pseudo-first order kinetics, whilst pseudo-second order kinetic 
behaviour was followed at high initial MB concentration.  
  




Hidrogels gebaseer op die polimeer poli(N-vinielpirrolidoon) (PVP) en die kopolimeer poli(N-
vinielpirrolidoon-maleïnes anhidried) (PVP-MA), was voorberei deur vryradikale polimerisasie 
by kamertemperatuur, met die hulp van N,N’-bis(3-karboksi-2-propaan) etileendiamien 
(BCOPENH2) as ŉ multifunksionele dwarsbinder asook die ammoniumpersulfaat (APS) en 
tetrametieletileendiamien (TEMED) redoks inisiëringstelsel. Die vorming gedrag van die 
hirogels was ondersoek deur BCOPENH2 en maleïnesuur konsentrasies te wissel. Daar is 
bevind dat die PVP-hidrogels swak en bros was, en dat hul maklik gefragmenteer na 
waterswelling. Die NVP-MA-hidrogels het teenoorgesteld opgetree en het hul vorm behou 
soos dit geswel was. Die effek van MA-konsentrasie en variasie van pH op die swelgedrag 
van NVP-MA-hidrogels was ook ondersoek. Die swelselgedag van hierdie hidrogels het ŉ pH-
afhanklikheid getoon. Die maleïnsuurkonsentrasie het die swelsel beïnvloed; by laer MA-
konsentrasies vertoon die NVP-MA-hidrogels ŉ laer swelvermoë en bereik slegs ŉ klein 
persentasie van die swelverhouding (% SR) < 250 %. Soos MA-konsentrasie toneem, is daar 
ŉ toename in swelvermoë met hidogels wat tot en met 1000 % SR behaal het. Benewens die 
voorbereiding van chemiese verknoopte hidrogels, voorlopige studies was gedoen oor 
nanokomposiet hirogels wat bestaan uit PVP en laponiet klei. Die effek van klei en polimeer 
inhoud op die vorming van hidrogels was ondersoek, en dit is gekarakteriseer deur middel van 
verskei analitiese tegnieke. Daarbenewens is die meganiese gedrag van geformuleerde 
hidrogels bestudeer met behulp van kompressietoetse.  
Vanweë die hoë swelvermoë van die PVP-MA-hidrogels, voorlopige adsorpsie-eksperimente 
met metileenblou (MB) was uitgevoer. Die hidrogels het 133 mg/g (MB/hidrogel) adsorbeer. 
Die effek van adsorberende dosis, pH, aanvanklike MB konsentrasie en temperatuur op die 
hidrogel adsorpsie kapasiteit was ondersoek. Adsopsiegedrag van die hidrogels was 
konsenstrasie afhanklik; by lae MB-konsentrasies het die adsorpsiegedrag die pseudo-eerse-
orde kinetika gevolg, terwyl die pseudo-tweede-orde kinetiese gedrag gevolg is by hoë 
aanvanklike MB-konsentrasies.  
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Chapter 1: Introduction  
1.1. Introduction  
Clean water is an essential resource for all living organisms. Anthropogenic activities such as 
industrialization, domestic and agricultural waste, energy plants, and mining industries 
contribute appreciably to the increase of pollutants in water.1 Extended droughts, population 
growth, have limited the availability of clean water for humans and other living organisms.2 
Unsurprisingly, industrial processes account for the highest number of contaminants, 
producing exorbitant amounts of toxic dyes, heavy metal ions and organic compounds.2, 3 Dyes 
are essential for various textile and cosmetic industries and are classified as either organic or 
inorganic dyes. Synthetic organic dyes in wastewater discharge such as azo type and nitro 
type dyes are an insidious problem in the wastewater treatment.4 Dyes such as methylene 
blue, Congo red, and methyl orange are commonly found in wastewaters. These hazardous 
compounds are water soluble, toxic and non-biodegradable which results in their accumulation 
in aquatic environment and increased exposure for humans or other living organisms.  
The bioaccumulation of inorganic and organic pollutants leads to health and environmental 
implications, which may vary from moderate to severe depending on the type of pollutant. 
Accumulation of dyes in aquatic environments can result in barriers that prevent UV light from 
penetrating, thus limiting photosynthesis for aquatic organisms.5 Due to the synthetic nature 
and presence of aromatic groups, dyes have been confirmed to be carcinogenic, allergenic 
and dermatic to living organisms.4, 6 A toxicology study, Indicated that 98 % of dyes have a 
lethal concentration level for fishes of 1 mg/L.7 Methylene blue, commonly known as 
methylthioninium chloride is essential dyeing process in textile industry. At elevated levels of 
exposure, the dye results in common side effects such as high blood pressure, shortness of 
breath, and nausea. The lethal dose for azo aromatic dyes range from 100 to 2000 mg/kg body 
weight.7 
Despite the detrimental effects of organic and inorganic dyes on humans and ecosystem, they 
still play a vital role in a multitude of industrial processes and cannot be replaced.1 Current 
research is focused on the development of consolidated water purification technologies to 
provide sustainable solutions for wastewater treatment. The water purification process is 
divided into three steps, categorized into primary, secondary and tertiary water treatment 
units.1 Each treatment step uses variation of simple to sophisticated technologies for the 
removal of pollutants. Prior to the primary treatment process dye effluents are equalized and 
neutralized. After successful neutralization, primary treatment is applied before refined 
treatments are initiated. This step is crucial in preventing fouling and saturation of adsorbents.8 
Microfiltration, centrifugation, sedimentation, chemical precipitation, coagulation and 
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flocculation are technologies commonly used in primary purification process.1 Electrochemical 
destruction is a chemical dye removal method that requires high electrical energy and 
specialized equipment and is by far the most used primary technique in the industry. In the 
process anodes are used to “eat up” dye molecules. Azo dyes are broken down to aromatic 
amines. However, electrochemical destruction is an ineffective technique and inadvertently 
contributes to secondary pollution.8 
Secondary water treatment technologies employ anaerobic or aerobic treatment to convert 
organic pollutants into simpler and safer substances. In most countries aerobic and anaerobic 
processes are used for the removal of dyes, however, the treatment alone is unable to remove 
dyes to meet required levels. Therefore, tertiary treatments are required to remove trace 
amounts of organic pollutants. Tertiary water purification techniques such as chemical 
oxidation, electrochemical precipitation, membrane separation (ultrafiltration and reverse 
osmosis), ion exchange, and photocatalysis are often employed for the removal of inorganic 
and organic dyes.3, 8, 9 Wastewaters often have multiple pollutants which creates competition 
and interference. For example, in ion exchange the resins (anionic or cationic) is selective for 
a single contaminant which is limiting for wastewater treatment, where several contaminations 
occur simultaneously.1 The efficiency of ion exchange resins is compromised when used for 
simultaneous removal of disparate inorganic and organic pollutants. Efficiency limitations are 
also observed in electrochemical precipitation. This technique, which involves the plating out 
metal ions on a cathode surface, is cited to be environmentally friendly, and less labor 
intensive, however, it has low removal efficiency.1, 8 Reportedly, under industrial conditions the 
efficiency for certain technologies decreases to 90% or less.1 In some cases the available 
technologies are too specialized and sophisticated for use by untrained personnel. This 
requires investment on training and maintenance of equipment, which is not economically 
viable for scale-up and continuous operations.8  
Unlike most techniques, adsorption processes offer superior advantages which include high 
removal efficiency, endless design possibility and operation, cost effective and simultaneous 
removal of disparate heavy metals. Adsorbents with high surface/volume ratio are ideal 
candidates, for example adsorbent materials such as zeolites, clays, silica beads, agricultural 
waste, and dendrimers, activated carbon, nano-materials and.3, 10 Selection of an adsorbent 
material is dependent on a few factors: cost, availability of raw material, and stability at different 
pH conditions.1-3, 11, 12 Activated carbon is a popular adsorbent, however, the synthesis is very 
expensive, and so is the desorption procedure. Additionally, activated carbon desorption 
procedure leads to the deterioration of the adsorbent. Polymeric adsorbents are an excellent 
alternative to existing adsorbent materials. One can design a polymeric based adsorbent with 
chelating moieties and depending on the polymer the adsorbent may be biodegradable, pH or 
temperature responsive, and mechanically stable. Hydrogels are by far the most modifiable 
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materials with further desirable intrinsic properties such as high-water uptake, flexibility and 
chemical and thermal stability. Liu et al. Synthesized poly(dimethyl diallyl ammonium 
chloride)/PAAm (PDMADAAC/PAAm) cationic hydrogels for the adsorptive removal of Congo 
red in aqueous solution. The studies revealed that the hydrogel had an adsorption capacity 
between 200-465 mg/g.13 Other research groups have designed durable nanocomposite 
hydrogels, such as laponite clay (Lap)-PAAm nanocomposites. Li et al. studied the adsorptive 
capability of Lap-PAAM hydrogels for crystal violet dye. The study revealed that an adsorption 
capacity shifted to maxima as clay content Increased.7 
Even with the significant advances in the development of polymeric adsorbents, Novel 
adsorbents with high performance remain in demand. Adsorption methods require 
chelating/complexing groups i.e., substance with electron donating atoms such as N, S, O, 
and P which interact with targeted pollutants. Polymeric adsorbent materials with amide, 
amine, carboxylic acid, or hydroxyl moieties exhibit enhanced adsorption capabilities.14, 15 
Poly(N-vinylpyrrolidone) (PVP) hydrogels offer great potential as polymeric adsorbent but 
limited research has gone into studying its potential as an adsorbent material due to their 
inferior mechanical properties and low swellability. The presence of cyclic amide moieties 
along the polymer backbone not only provides amphiphilic properties but also provides 
electron donating sites which can chelate heavy metals.16 In this work we will exploit PVP 
copolymers with inherent binding properties as adsorbent materials for the removal of organic 
pollutants.   
Objectives 
The aim of this study is to design a mechanically stable PVP based hydrogel using N-vinyl 
pyrrolidone (NVP), maleic acid, and N,N’–bis(3-carboxy-1-oxo-2-prop-2-enyl)ethylenediamine  
as a crosslinker, for use as a sorbent for removal of organic pollutants. Chemically crosslinked 
hydrogels are known for their inferior mechanical properties and low swelling/deswelling ratios. 
As a method to circumvent this, comonomers with hydrogen bonding capability and clay 
nanocomposites are often explored as alternative strategies for preparing mechanically stable 
hydrogels. As such in this research work, PVP-based hydrogels will be formulated, i.e. 
organically crosslinked poly(NVP-maleic acid) hydrogels and PVP-laponite clay 
nanocomposite gels. Therefore, the following objectives are set out:  
 
1) Synthesize an acid amide crosslinker N,N’–bis(3-carboxy-1-oxo-2-prop-2-
enyl)ethylenediamine (BCOPENH2)  
2) Synthesis and characterization of organically crosslinked poly(NVP-maleic acid) copolymer 
hydrogels, and PVP-laponite clay nanocomposite hydrogels by conventional free-radical 
polymerisation in aqueous solutions.  
3) Investigate the hydrogel swelling behaviour under different pH conditions.  
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4) Investigation into the adsorption capabilities of the hydrogels, using methylene blue as a 
model organic micropollutants, and determine the effect of pH, temperature, contact time, 
adsorbent and adsorbate loading.  
 
Layout of Thesis  
Chapter 1 
An outline of the challenges of wastewater treatment as well as the effect of organic pollutants 
on the environment. This chapter also contains a summary of the aims and objectives of the 
research project.   
Chapter 2 
Chapter 2 gives an overview on the current uses of hydrogels and the methods used to prepare 
PVP based hydrogels. The chapter also discusses the different models used to evaluate 
adsorption behaviour of hydrogels.  
Chapter 3 
In this chapter, the synthesis and characterisation PVP-based hydrogels is extensively 
discussed. Organically crosslinked hydrogels and polymer clay nanocomposite hydrogels are 
synthesised and characterised. The swelling behaviours and mechanical properties of the PVP 
hydrogels is discussed. 
Chapter 4 
In chapter 4, preliminary adsorption studies are conducted on PVP/MA hydrogels. The effect 
of adsorbent dosage, pH, temperature, and initial adsorbent/adsorbate concentration on the 
adsorption capacity are studied. The mechanism of interaction between the hydrogel and MB 
is discussed in this chapter. Three kinetic models are also used to evaluate the driving force 
for adsorption. Additionally, in this chapter thermodynamic parameters are evaluated and 
discussed.  
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Chapter 2: Literature review 
2.1. Introduction 
The principle of adsorption can be traced back to ancient civilizations with the first known 
adsorbent produced in 3750 B.C by ancient Egyptians.1 Wood char was used to purify medical 
substances and water.1 Adsorbent technologies have since evolved to sophisticated and 
efficient materials used commercially for the purification and/or wastewater treatment. 
Adsorbents are grouped into two categories, namely natural adsorbents and engineered 
adsorbents.2 Clay minerals, natural zeolites, oxides and biopolymers are classified as natural 
adsorbents, while carbonaceous adsorbents, polymeric adsorbents, oxidic adsorbents, and 
zeolite molecular sieves are classified as engineered adsorbents.2 3 Commonly, activated 
carbons, zeolites or molecular sieves, and polymer adsorbents are used commercially for the 
purification of water and the treatment of wastewater.1, 2 Activated carbons are by far the most 
preferred and widely used in water purification, however, they have several limitations.  
Activated carbons are produced by different activation processes from different carbon 
containing raw materials such as wood, wood charcoal peat, lignite.1, 4 Activated carbons have 
a large surface area which allows for a high adsorption capacity. However, the synthesis of 
activated carbon which involves a preliminary carbonization process (dehydration at elevated 
temperatures) and activation processes to transform cellulose structures into carbonaceous 
material is expensive. Furthermore, the use of elevated temperatures for desorption processes 
causes degradation of the adsorbent.1, 4 Although, activated carbons are able to adsorb an 
eclectic range of organic substances by weak intermolecular interactions in particular 
dispersion forces, they tend to display inferior adsorption capacities of heavy metal ions and 
other highly polar organic pollutants (e.g. ionic dyes). Therefore, polymeric adsorbents are 
used as an alternative.2 
Present-day research is focused on the development of novel, low cost polymeric adsorbents 
as materials for the removal of inorganic and/or organic pollutants. The morphology and 
surface chemistry of polymeric adsorbents can easily be manipulated by incorporating 
functional groups which act as sorption sites and enhance affinity for specific pollutants.5 One 
can design an adsorbent material with multiple adsorptive sites by utilizing monomers with 
different functional groups such as carboxylic acids, amine and hydroxyl moieties which in turn 
can display selectivity to various pollutants.5-10 This is a decisive property for any adsorbent 
material particularly for wastewater treatment, as more often than not wastewater has multiple 
toxic pollutants. The limitations of single adsorbate selectivity is depicted in the use of ion 




exchange resins,3 where an ion (cationic or anionic) resin adsorbs analyte purely through ionic 
interactions.  
Researchers have explored the potential of numerous polymer-based adsorbents such 
hydrogels and dendrimers. Hydrogels are reported to exhibit superior adsorption capacity, 
modifiability and regeneration capacity.11 This has inspired intensive research on the 
development of novel, low-cost hydrogels as adsorbents.  
Poly(N-vinylpyrrolidone) (PVP) is a well-known polymer that is used in various applications 
because of its unique properties. In its earliest years of discovery PVP displayed the ability to 
chelate heavy metals owing to the presence of a cyclic amide functionality in the repeat units.12 
This has led to the continued research of PVP as an adsorbent materials. Since this discovery 
researchers have explored PVP as an adsorbent material, however, its sensitivity to pH during 
synthesis and inferior mechanical properties and swellability when chemically crosslinked 
limited further investigation on its potential as an adsorbent.13, 14 Chemical crosslinking results 
in random heterogeneously distributed crosslinks, consequently, the formed hydrogel exhibits 
inferior mechanical and swelling properties.  In order to overcome the limitations of chemical 
crosslinking, research groups have prepared PVP-PAA hydrogels by γ-radiation.15 In the last 
two decades, clay nanocomposite hydrogels have also emerged as an alternative method for 
reinforcing mechanically weak hydrogels. To-date nanocomposite hydrogels of poly(N-
isopropylacrylamide) (PNIPA) and poly(N,N-dimethylacrylamide) (PDMAA) have been 
extensively studied.16, 17 However, to the best of our knowledge, no research group has 
prepared PVP clay nanocomposite hydrogels for adsorptive removal of organic and inorganic 
pollutants. 
This review will accentuate the potential of PVP-based hydrogels as adsorbents, while 
highlighting the current limitations and challenges in the synthesis of PVP hydrogels. Section 
2.2 will discuss the intrinsic properties of hydrogels which make them desirable for adsorptive 
studies. The section will further highlight methods for the functionalization of a hydrogel. 
Section 2.3 will discuss the application of PVP and its potential use as an adsorbent. Section 
2.4 dissects the various strategies used in the synthesis of mechanically stable PVP-based 
hydrogels. The discussion will extend to nanocomposites as multifunctional crosslinkers and 
reinforcing agents. In developing adsorbent materials it is important to understand the theory 
of the adsorption process, the adsorption kinetics and thermodynamic aspects of the 
adsorption process.11 Therefore, in the final section, section 2.5 the principle of adsorption and 
the various theories used to explain adsorption mechanisms will be described. The discussion 
will include types of adsorption isotherms, kinetics, and the reusability of hydrogels.   




2.2. Application of hydrogels for the adsorption of organic 
pollutants.  
In the last two decades hydrogels have gained attraction in the development of novel 
adsorptive materials for water and wastewater treatment. In early studies conducted by Tang 
et al. and Zhu et al. hydrogels outcompeted conventional adsorbents.18, 19 This resulted the 
surge in the research of hydrogels as adsorbents. A hydrogel is defined as a three dimensional 
(3-D) macroscopic solid with two components, which form a flexible 3-D network by physical 
or chemical bonding.11, 20 The presence of a 3-D flexible polymeric network and hydrophilic 
moieties along the polymer backbone endows hydrogels with the ability to take-up and retain 
water without dissolution.11, 18, 21 Hydrogels are categorized according to their polymer 
composition, type of crosslinking, electrical charge of network, and physical appearance. They 
can have either chemical or physical crosslinks (Figure 2.1). Chemically crosslinked hydrogels 
are composed of covalently bonded polymer networks. A multifunctional monomer is 
incorporated into the polymer to form permanent crosslinks. Physically crosslinked hydrogels 
are comprised of networks with non-covalent interactions such as hydrogen bonding, ionic 
interactions, hydrophobic interactions, polymer chain entanglement and crystallization.11 
These physical networks are weak and transient compared to covalent crosslinks. In the 
development of hydrogels as adsorbents, the chemical composition of hydrogel is a key 
component to consider. Depending on the chemical nature of monomers, the polymer 
composition of the hydrogel can be fine-tuned to attain high adsorption capacities. 
 
 
The surface properties of hydrogels is easily modified by incorporating functional monomers 
or by post-modification.11, 22 This provides an endless list of possible hydrogels for adsorptive 
studies. Polymeric hydrogels have been investigated in the removal of dyes and metals ion in 
wastewater through adsorption mechanisms such as chemisorption, electrostatic, ion 
exchange, hydrogen bonding, hydrophobic and complexation interactions between targeted 
Figure 2-1 Types of crosslinks that form a hydrogel. 
Physical crosslinks Chemical crosslinks 




dye and adsorbent.11, 23 The efficiency and type of adsorption mechanism is dependent on the 
scrupulous selection of polymer moieties. The functionality of a polymeric hydrogel (dependent 
on selected monomer or post-modification) can enhance adsorption of inorganic and organic 
pollutants and promote adsorption of multiple pollutants. It is reported that the presence of –
OH, –NH2, –SO3H, –COOH, or –CONH2– moieties in hydrogel networks allows for efficient 
removal of inorganic and organic pollutants.11 To impart functionality onto a hydrogel one can 
explore one of two methods: one-step polymerization a functional monomer(s) or by modifying 
a polymerized product through subsequent reactions (post-modification).11, 22 For example, 
Tang et al. directly synthesized a cationic hydrogel by utilizing a cationic monomer APTMACl.19 
In another study, Tang et al. explored an alternative method where a polyacrylamide based 
hydrogel was synthesized and subsequently converted it into cationic form via Menshutkin 
reaction using 2-chloroethanol, thus obtaining a cationic hydrogel.18 The former synthesis 
strategy of functional hydrogels is simple and cost effective as the production steps are 
minimized considerably. Polymeric hydrogels can be derived from synthetic or natural raw 
materials. Methylenebis(acrylamide) (MBA) and ethylene glycol dimethylacrylate are the most 
commonly used crosslinkers for the formulation of chemically crosslinked hydrogels.11 
Interestingly N-vinylpyrollidone (NVP) and its polymer PVP is not the most commonly used 
monomer despite sufficient evidence of its ability to complex heavy metals, organic compounds 
and biological macromolecules.6, 12 
Hydrogels are highly modifiable, by varying the synthesis parameters, such as reactor type, 
reaction temperature, reaction time, and crosslinker and monomer concentration, hydrogel 
properties can be fine-tuned as desired.11, 24, 25 For example, an increase in the crosslinker 
concentration results in the formation of a tightly crosslinked network with a lowered ability to 
absorb water, therefore, making the hydrogel non-ideal for water and wastewater treatment. 
Loosely crosslinked hydrogels can efficiently imbibe higher water content. High adsorption 
capacities is not the only important factor to consider. It is imperative that adsorbent materials 
be reusable. Researchers have further demonstrated the feasibility of reusing hydrogels by 
desorbing the pollutants and regaining the adsorption capacity in consecutive treatment cycles. 
11 Such findings are encouraging as more research continues. If a hydrogel is highly reusable, 
it makes the overall process more economical and sustainable. 
Despite the remarkable potential hydrogels have as an adsorptive material, there remain 
incontrovertible challenges which require innovative solutions. One of the major challenges is 
the recovery of hydrogels from solution after adsorption or desorption, especially when the 
hydrogel is in the micro or nano-sized particle form.11, 25 Further limitations on the rapid 
development of hydrogels is the selective removal or recovery of targeted pollutants.11 
Wastewater has multiple pollutants which create unwanted competition and interference that 
can dwindle the adsorption capacity of a hydrogel.18 Therefore, development of non-selective 




adsorptive hydrogels with high adsorption is imperative in the advancement of hydrogels as 
adsorbents. 
2.3. Application of poly(N-vinylpyrrolidone) 
 
PVP is a highly versatile polymer owing to its diverse properties which include high chemical 
and thermal resistance, unique film-forming, wetting, and binding properties. The presence of 
a highly polar cyclic amide group and apolar methylene and methine groups along the polymer 
backbone endows PVP with amphiphilic properties, see Scheme 2.1.26 As a result PVP is 
soluble in water and in a range of organic solvents. 
In many instances PVP is used as a surfactant.12, 26 Furthermore, PVP is non-biodegradable, 
biocompatible, non-toxic polymer with an intrinsic ability to form interpolymer complexes (ICP) 
thus being useful for designing materials for various applications.26, 27 Application of PVP 
extends to the pharmaceutical industry and medicine, optical and electrical, additives, 
ceramics, paper, coatings and inks, fibre and textiles, and environmental applications. In this 
section we highlight the various applications of PVP in the medical and pharmaceutical 
industry, optical and electrical applications. This is to demonstrate the versatility and great 
potential of PVP. The discussion will also highlight the use PVP in wastewater treatment, as 
well as the challenges in the development of PVP adsorbents more especially PVP-based 
hydrogels.  
2.3.1. Pharmaceutical industry and medicine applications 
The polymer PVP was discovered in 1938 by Walter Reppe, a chemist from BASF.12 Since its 
inception, PVP has grown to be one of the most widely used vinyl polymers. The 
pharmaceutical and medical industries and medicine were among the first to benefit from the 
discovery of PVP. This is due to the polymers excellent biocompatibility and capability to form 
stable association compounds and complexes with active compounds.26 PVP and its 
copolymers such a PVP/poly(acrylic acid) and PVP/PMAAc are used as pH responsive 
materials for medical applications such as pH-controlled drug delivery, ocular drug formulation, 
Scheme 2-1. Schematic representing the synthesis of PVP from its monomer NVP. 
 
 




microspheres and synthesis of mucoadhesive. The combination of its unique properties such 
as good environmental stability, biodegradability, its easy processability, and biocompatibility, 
non- antigenicity, and high chemical and thermal resistance further expands the applications 
of PVP in biomedical applications. Soft nanomaterials have gained significant attention due to 
their applicability in the biomedical field. Hydrogel nanoparticles became interesting due to 
their tunable sizes, large surface area, stable interior network structure and rapid response to 
environmental stimuli (ionic strength, pH, and temperature). El-R ehim et al. illustrated the 
usefulness of controllable sizes of PVA/AAc nanogels for drug delivery and bio-imaging.28 The 
existence of carboxylic groups enables the particles to adsorb cationic drugs or to be 
conjugated with some bioactive molecules. PVP copolymers have been investigated as 
potential drug delivery systems. Veeren et al. synthesized PVP-polycaprolactone block 
copolymers (PVP-b-PCL) as antituberculosis and anticancer drug carrier systems.29 Other 
researchers, synthesized poly(NVP-co-dimethyl maleic anhydride) as renal drug delivery 
system.26 Other PVP based drug delivery systems include: PVP-b-PDLLA-b-PVP, PVP-b-
PDMAEMA, star- (PDLLA-b-PVP)4, and PHCS-g-PVP. The potential and usefulness of PVP in 
pharmaceutical and medical applications is interminable.26 Even today researchers continue 
to explore the expediency of PVP and its copolymers.   
2.3.2 Optical and electrical applications 
In addition to properties applicable to the pharmaceutical and medical industries, PVP is known 
for its electrical conductivity which makes it suitable for several electrical and optical 
applications such as screens, printed circuit boards, cathode ray tubes, and energy storage 
devices. It is reported that PVP can enhance picture contrast and image resolution in color 
screen tubes when used as photoresist in the so called “black matrix process”.26 PVP-metal 
nanoparticles show diverse applications in a variety of fields such as photonics and electronics, 
medical imaging, and labelling of biological molecules. He et al. Synthesized gold and silver 
nanoparticles doped PVP composites for different applications in optical devices.30 Further 
research by Cheng et al. on PVP coated Ag NPs as laser direct conductive patters showed 
that higher PVP content lead to conductive lines with more straight and smooth boundaries.31 
This demonstrates PVPs usefulness in direct writing techniques of metallic patterns. In 
applications such as energy storage devices and batteries, PVP acts as a coating agent, binder 
for metal salts or amalgams. It also acts as an adhesive to prevent leakage of batteries.26 
2.3.3 Water purification and wastewater treatment applications  
The application of PVP-based polymers is not limited to the above-mentioned examples. The 
presence of the cyclic amide moiety along the polymer backbone see scheme 2.1, allows for 
the extraction of organic and inorganic pollutants. Lahiri et al. and del C Pizarro et al. 
demonstrated the ability of PVP and its copolymers to separate metals by acting as a selective 
chelating agent. Ahmed et al. studied the potential of PVP as a capping agent in oil removal 




from wastewater.32 They reported Zn0.5Co0.5Al0.5Fe1.46La0.04O4/PVP core-shell nanocomposites 
as potential candidates in purifying and recycling of industrial wastewater. 32 
A. El-hag Al. et.al synthesized hydrogels based on the poly(NVP-co-acrylic acid) (PVP/AAc) 
copolymer system prepared by radiation-induced copolymerization. The PVP/AAc hydrogel 
revealed capability’s to remove Mn, CU, and Fe metal ions with maximum uptake of 14, 23, 
and 36 mg/g.6 The hydrogel possessed high thermal and chemical stability which allowed for 
regeneration of copolymer without losing its original activity. Other researchers Fe3O4 
nanoparticles with PVP to enhance heavy metal extraction in wastewater. The study showed 
PVP-coated magnetic particles (PVP-Fe3O4 NPs) at a concentration of 167 mg/L could remove 
100% of Cd, Cr, Ni, and Pb at 0.1 mg/L and more than 80 at 1 mg/L.33 Additionally, PVP 
showed great potential as a super-adsorbent material, thus making PVP even more desirable 
for adsorptive removal of organic and inorganic pollutants in aqueous medium.34 Despite 
significant evidence of PVPs ability to act as an adsorbent, its use in water purification and 
wastewater treatment is limited. This is largely due to the cumbersome synthesis and required 
expert knowledge on handling NVP during synthesis.  
2.4. Preparation of PVP Hydrogels  
Depending on the type of hydrogel desired, synthesis can be conducted under homogenous 
or heterogeneous conditions. Researchers traditionally use homogenous polymerisation for 
synthesis of hydrogels in the bulk form. Subsequently the gel would be mechanically grinded 
to form micro/nanoparticles for enhanced adsorption capacity. Although micro/nano-gels 
exhibit high adsorption capacity, they often present a commercial challenge in that they are 
difficult to recover.35 In recent publications bulk hydrogels have exhibited enhanced adsorption 
capacity for the removal of organic and inorganic pollutants.11, 35, 36 This has inspired scientists 
to development novel hydrogels for adsorptive removal of organic and inorganic pollutants.  
Hydrogels in the bulk form are commonly synthesized using homogenous polymerisation, 
wherein all the ingredients (monomer, initiator and crosslinker) are homogenously mixed in a 
single medium. There are two types of homogenous polymerisation: Mass and solution 
polymerisation.37 In mass polymerisation, also commonly referred to as bulk polymerisation, 
the monomer acts as the solvent of reaction medium and a soluble initiator is dissolved into 
monomer media. Bulk polymerization is difficult to control and is highly exothermic process. 
Furthermore, the viscosity and exothermic effects make temperature control difficult.37 Often 
the appearance of local spots caused by degradation and discoloration of the polymer is 
observed. For this reason, bulk polymerisation is not used commercially. Solution 
polymerisation overcomes many challenges presented by mass polymerisation.  
In solution polymerisation the solvent acts as a diluent which allows for easier stirring. Since 
the viscosity of the reaction medium is decreased thermal control is much easier in solution 




polymerisation compared to bulk polymerisation.11, 37 Typically in the formulation of a hydrogel 
by solution polymerisation, a monomer is initiated via free-radical polymerisation to react with 
a multifunctional crosslinker, thus, forming a 3-D crosslinked polymeric network. The 
synthesized hydrogel often retains the shape of the reaction vessel and is insoluble. After 
completion of the polymerisation reaction, hydrogels are thoroughly rinsed with deionized 
water to remove all unreacted residual ingredients. 
2.4.2 Copolymerisation as a method for the synthesis of poly(N-
vinylpyrrolidone) hydrogels  
An important factor to consider when polymerizing NVP with an acidic monomer is its sensitivity 
to pH. In 1956 Breitenbach et al. reported the early findings on the acid induced degradation 
of NVP.12 Scheme 2.2 provides a summary of the side products identified thus far during the 
degradation of NVP. All these side reactions proceed via protonation of the alkene moiety. The 
cationic intermediate reacts H2O to form a catalytic proton scheme 2.2a. The formed product, 
N-(1-hydroxyethyl) pyrrolidone (i, R=H) is only stable at low temperatures (0 °C) but at higher 
temperatures it decomposes to acetaldehyde and pyrrolidone (iv). Pyrrolidone adds to NVP to 
Scheme 2-2: Summary of side-products produced via protonation of the double-bond, which 
leads to the degradation of NVP (adapted from Gwen, P.12) 
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yield 1,1-bis(pyrrolidin-2-on-1-yl)ethane (ii).12 The absence of water yields an unsaturated 
dimeric compound 1,3,-bis(pyrrolidin-2-on-1-yl)but-1-ene (iii).12 Evidence suggests reversibility 
for the reactions in water except for dimerization, which is also quantitative at room 
temperature.  
Degradation reactions of NVP are important to consider because they can influence 
polymerisation rates (Rp) and molecular weight distribution. Rp decreases if the monomer 
participates in non-radical reactions. The degradation species also participate in chain transfer 
reactions which broadens the molecular weight distribution of the polymer. Therefore, 
synthesis of PVP in an aqueous medium is performed in a buffered medium (pH~7) to minimize 
the degradation of NVP. 
Polymerisation of NVP follows a typical conventional free-radical sequence (initiation, 
propagation, and termination). PVP hydrogels are formed by either covalently or non-
covalently crosslinking NVP/PVP and copolymerize with a comonomer. Pure PVP is known to 
form mechanically weak hydrogels with low swellability when chemically crosslinked. This 
limits its use in various applications such as water and wastewater treatment. For a hydrogel 
to be considered as an adsorbent it must demonstrate excellent swelling ability and be 
mechanically strong. Organic crosslinkers have disadvantages which arise from the random 
arrangement of crosslinks along the polymer chain. To circumvent issues surrounding 
chemical crosslinking two methods can be explored. Firstly, the incorporation of a comonomer 
capable of hydrogen bonding which enhances the mechanical properties through the formation 
of both physical and chemical crosslinks.13, 14 Secondly, the use of clay nanocomposites (NC) 
as multi-functional crosslinkers.16, 38 While incorporation of a comonomer in the synthesis of 
PVP hydrogels is the most commonly used method, researchers have yet to explore the use 
of nanocomposite clays as non-covalent crosslinkers and reinforcing agents for PVP-based 
hydrogels. 
Devine et.al. synthesised physically crosslinked PVP/PAA based hydrogels by photo-induced 
polymerisation, using 1-hydroxycyclohexyphenylketone as a UV-light sensitive initiator.14 The 
formation of PVP/AA hydrogel was shown to be pH dependent.14 Other methods of PVP 
hydrogel synthesis include: polymerisation by 𝛾-radiation or by treatment of the polymer with 
persulphate and hydrogen peroxide.28 An alternative method is to crosslink NVP with an 
organic crosslinker such as ethylene glycol methacrylate, however, this method also yields 
mechanically weak hydrogels.13. The presence of added carboxylic acid moieties along the 
polymer backbone should impart pH-responsiveness and increased swellability.28, 35 
2.4.3 Clay nanocomposites (NC) as a crosslinker and reinforcing agent 
Insufficient swelling/deswelling properties and poor mechanical strength are not unique to PVP 
hydrogels. Poly(N-alkylacrylamide) hydrogels namely, poly(N-isopropylacrylamide) (PNIPA) 




and poly(N,N-dimethylacrylamide) (PDMAA) have attracted extensive attention for medical 
applications because of their soft water-absorbing nature and ability to respond to an external 
stimulus. However, similar to PVP, these polymers exhibit poor mechanical and 
swelling/deswelling properties when chemically crosslinked.16 To solve the aforementioned 
problem, researchers have reserved special attention for the synthesis of hydrogels with 
improved swelling and mechanical properties. A pioneering example is the use of clay 
nanocomposites to form hydrogels with high tensile strength and extensibility owing to multiple 
non-covalent effects between polymer chains and exfoliated clay nanosheets.39-41 Laponite 
materials are composed of synthetic magnesium silicates produced by Laporte Industries. X-
ray diffractive (XRD) profiles of materials indicate that they are layer-lattices silicates with a 
comparable structure to natural trioctahedral smectite clay minerals. Morphological analysis of 
clay nanosheets in a stable aqueous dispersion show discrete-plate crystals with 20 – 30 nm 
in diameter and 1 – 4 nm thickness.17, 40 In an aqueous medium the platelets are able to form 
a gel in the absence of a polymer through the formation of the so-called house-of-cards 
structure,38 see Figure 2.2. 
 
Figure 2.2: Preparation of clay in an aqueous suspension and the formation of the house of 
cards structure: a) inorganic clay, b) exfoliation, of clay platelets in water, and c) house-of-
cards structure. 




Haraguchi and co-workers investigated PNIPA and PDMAA clay nanocomposite hydrogels 
and outlined the mechanism of forming organic/inorganic networks during free-radical 
polymerisation.38 The research group successfully synthesized a series of NC-gels (NC-
PDMAA and NC-NIPA) and proposed mechanism for gel formation. According to Haraguhi and 
co-workers, in a KPS/TEMED redox initiated system polymerisation is initiated on the surface 
of the clay.38 This conclusion is supported by the absence of polymer during swelling studies. 
In the early stages of polymerisation polymer chains are grafted into clay particles resulting in 
the formation of clay-brush particles, see figure 2.3.16  
Polymer chains grow and interact with adjacent platelets through non-covalent interactions. 
The exact nature of the interactions is dependent on the polymer composition. The properties 
of fabricated NC-gels depend on the clay, and polymer content. Low polymer content results 
in an inadequate formation of polymer-clay network, leading to weak and brittle hydrogels. 
Figure 2.4 is the schematic representation adapted from Haraguchi et.al work. The polymer 
chains not only crosslinked with adjacent clay platelets, demarcated X, in figure 2.4 but also 
forms grafted polymer chains with loose chain ends or looped chains, which are demarcated 
g1 and g2 respectively. 38 The polymer chains grow from the clay sheets and interact with 
adjacent clay sheets to form a complex network. Unlike organically crosslinked hydrogels 
which tend to have restricted molecular motion which limits the swelling/deswelling ratios, NC-
gels retain molecular motion comparable to that of its pure polymer chain.42 The work of 










Figure 2.3 proposed mechanism for the synthesis of polymer clay network.16 




2.5 Principle of adsorption  
Adsorption is often confused with absorption, because both processes entail the transfer of 
sorbate from a liquid to solid phase.7 However, the process of physical transfer of particles 
differ greatly. Adsorption describes the accumulation of sorbate onto the surface of an 
adsorbent. In contrast, absorption involves the bulk phase transfer of a substance from one 
phase to another phase. The absorbate migrates into the internal regions of the solid phase. 
Usually for absorption to occur the material must be porous.4, 7 Figure 2.5 gives a schematic 
representation of the two processes (adsorption and absorption). In many instances materials 
use both methods for the purification of water, therefore, a general term, sorption is used. 
There are two types of sorption: physisorption and chemisorption. Physisorption describes 
interactions between sorbate (e.g. pollutant) and sorbent (hydrogel) by-way-of van der Waals 
forces, dispersion forces, induction, and dipole-dipole forces.2, 43 The process is a nonspecific 
reversible reaction and the adsorbed species desorbs in response to a decrease in 
concentration or is displaced by a stronger species.4 Chemisorption is more specific because 
the interaction between adsorbent and adsorbate occurs via the formation of a chemical bond.4 
In the case of organic and inorganic pollutants chemisorption is the dominating form of 
sorption. The extraction of organic pollutants using hydrogels has been explored by several 
researchers because hydrogels largely contain polar or ionic functional groups which are 
useful in the removal of cationic or anionic dyes.36 In the case of this research the proposed 
hydrogel possess both polar and ionic functional groups, therefore, cationic dyes such as 
methylene blue will be suitable for sorption studies. Depending on the chemical nature of the 
dye, three adsorption mechanism can take place: (1) ionic interaction between oppositely 
charged species (2), hydrophobic interactions with non-polar components of dyes and 
hydrogel, and (3) hydrogen bonding (H-bonding).10, 44 The adsorption mechanisms seldomly 




Figure 2.4: Schematic representation of an organic/inorganic network in an NC gel 
proposed by Haraguchi et al.16  





The dominant type of interaction depends on the functional groups involved in the process, if 
there are charged functionalities, then electrostatic interactions come into play. if there are 
complimentary hydrogen bonding functionalities, then hydrogen bonding interactions will also 
be at play. In many cases, however, both modes of interaction can be present.11, 36 
Strictly speaking, ion exchange is not considered an adsorption process since a prerequisite 
for an interchange of ions while maintaining electroneutrality is required 7. In adsorption the 
flow of targeted solute occurs with no accompanying flow of matter to water. Figure 2.6 shows 
the principle of ion exchange between an anionic resin and cationic species.7 Ionisable 
hydrogels can act as cation or anion exchangers depending on the pH.45 At a pH> pKa COOH, 
NH2 and OH containing material become cation exchangers and at pH < pKa hydrogen bonding 
becomes the dominant mechanism.  
2.5.1 Adsorption isotherms 
The adsorbability of compounds depends on the summation of the interactions and forces. As 
stated, earlier adsorption is an equilibrium reaction. At equilibrium, the adsorbate will be 
distributed between solid phase and liquid phase according to a relationship referred to as an 
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a) Adsorption  b) Absorption  
Figure 2.5: Schematic representation of a) adsorption process and b) absorption process 
Figure 2.6: Schematic representation of the principle of ion exchange on an anionic resin. 




adsorption isotherm. Isotherms are used to ascertain the theoretical maximum adsorption 
capacity of an adsorption system. They are also a useful method to determine the mechanism 
of adsorption for different types of adsorbents. There are several isotherm relationships that 
describe solid-liquid phase adsorption: Tempkin, Redlich-Peterson, Sips, and Freundlich, 
Langmuir,7, 36, 46 Tempkin isotherm assumes that binding sites on adsorbents have the same 
energies distributed uniformly across the surface.7, 47 Sips isotherm model mergers the 
Freundlich and Langmuir isotherm models and is useful for the study of heterogeneous 
systems.47 The Sips isotherm uses a three parameter equation which makes it difficult to 
ascertain isotherm parameters and constants.7 Therefore, trial and error optimisation of the 
correlation coefficient is required. 
Similarly, Redlich-Peterson isotherm model is an admixture of the Freundlich and Langmuir 
isotherm models. Due to the hybridisation of the two models, correlation coefficients need to 
be optimised. The isotherm tends to give high R2 values which can superficially imply a good 
fit which is highly misleading. The Langmuir and Freundlich isotherm models are the most 
preferred and most suitable isotherm models because of their mathematical simplicity and 
accuracy. The Langmuir isotherm is derived using assumptions about the nature of the surface 
of the adsorbent. The isotherm model assumes that on a homogenous surface adsorption of 
an organic or inorganic compound occurs via monolayer adsorption and no interaction occurs 
between the attached compound and dispersed compound in solution.48 The isotherm further 
makes the assumption that adsorption sites are 1) of equal energy and 2) are uniformly 
distributed across the surface. When the surface of does not conform to the Langmuir 
assumptions, the Freundlich isotherm is used to provide an alternative explanation of 
experimental data.2, 48 In this section the Langmuir and Freundlich isotherms will be discussed. 
2.5.1.1. Langmuir isotherm 
Irving Langmuir developed the Langmuir isotherm and later received a Nobel Prize in 1932 for 
his work. The Langmuir adsorption isotherm chronicles the equilibrium between surface and 
solution as a reversible reaction. The surface of the adsorbent has discrete sights where 
organic pollutants may physically or chemically interact. As stated previously Langmuir 
assumes that the adsorbent, in this case hydrogel is energetically homogenous with a finite 
number of adsorption sites which can adsorb a compound by monolayer adsorption.2, 36 In the 
study of hydrogels as adsorbents the Langmuir model is most used for mechanistic description 
of adsorption.11 An important note to take into consideration is that a good fit does not 
necessarily imply that the assumptions of the model are valid for a particular adsorption system 
under evaluation. Therefore, at all costs one should avoid drawing mechanistic conclusions 
from the good fit of the model. 
The Langmuir’s isotherm is applicable to low sorbate concentration and is said to follow 
Henry’s law. At low sorbate concentrations the expression on Equation 2.1 is used.  










⁄   (2.1) 
Where 𝐶𝑒 (mg/L) and 𝑞𝑒 (mg/g) and 𝑞𝑚 are the equilibrium concentration, adsorption capacity 
at equilibrium and the maximum adsorption capacity, respectively. 𝑏 (L. mg -1) is the Langmuir 
equilibrium constant. The model primarily assumes that once adsorbent sites are occupied no 
further interaction occurs i.e., a monolayer of sorbate species is formed. And once a saturation 
value is reached, no further adsorption is possible. Deviations from this tend to indicate pH 
effects and complexities in adsorbent surface and notion to the availability of active sites.4, 33 
2.5.1.2. Freundlich isotherm 
In instances where the Langmuir model fails, the Freundlich isotherm is used as an alternative. 
The model was developed by the Herbert Freundlich and existed prior to the Langmuir 
isotherm. This empirical equation is used to describe non-conforming adsorption processes 
where surfaces are heterogeneous and sorption occurs in a multilayer fashion due to irregular 
distribution of adsorption sites.8 Essentially the isotherm suggests that adsorption capacity is 
directly proportional to the concentration of sorbate i.e. as the sorbate concentration increases 
the adsorption capacity increases. The Freundlich isotherm is expressed below in equation 2.3 
log 𝑞𝑒 =  log 𝐾𝐹 + 
1
𝑛
log 𝐶𝑒 (2.3) 
Where 𝐶𝑒 (mg/L) and 𝑞𝑒 (mg/g) are the equilibrium concentration, adsorption capacity at 
equilibrium, respectively 𝑘𝑓 is the Freundlich equilibrium constant. 𝑛 is the heterogeneity factor 
and intensity of adsorption. The linear plot of log 𝑞𝑒 vs log 𝐶𝑒 has an intercept and a slope, 
log 𝐾𝐹 and 
1
𝑛
 respectively. The constants 𝐾𝐹 and 𝑛 are Freundlich dimensionless which provide 
information about the affinity for the binding sites of the sorbate and the degree of 
heterogeneity of the adsorbent, respectively. If 
1
𝑛
 is approximately 1 then the adsorbent said to 
have more homogenously distributed sites on the surfaces. If 1 < n < 3 sorption is considered 
favourable. High 𝐾𝐹 implies that the adsorption becomes more effective. At low sorbate 
concentrations the models does not correlate accurately and is said to lack fundamental 
thermodynamic basis which cannot be simplified to Henry’s law.7 
2.5.2 Adsorption Kinetics  
Adsorption kinetics are an important factor to consider. Often hydrogels may have high 
adsorption capacity but long equilibrium time (slow kinetics) which is an undesirable feature.11 
Long equilibrium times are often due to slow diffusion of pollutant from solution to adsorbent 
sites. Ideally an adsorbent should have a short equilibrium time. Bulk hydrogels tend to have 
longer equilibrium times compared to micro/nanogels. This is why traditionally bulk hydrogels 
are mechanically grinded to form polydisperse particles.11, 18 To describe the kinetic behaviour 
of a pollutant onto an adsorbent; two types of rate laws are used, the pseudo-first-order and 




pseudo-second-order rate laws. Experimental parameters such as level of agitation, the 
concentration of pollutant, and nature of the sorbent material can influence the kinetics of the 
adsorption process.20, 49, 50 If the concentration of pollutant is high, the diffusion of pollutant the 
rate of mass transfer will be higher and in turn the adsorption rate will be faster. Correlation 
coefficients (R2) are used to determine a suitable kinetic models to understand the rate-
controlling step for an adsorbent.46 
2.5.3 Desorption Studies: Regeneration and reusability of hydrogels 
Traditionally, once an adsorbent material is fully saturated with pollutants it is discarded in 
landfills or burnt. This method of disposal has serious environmental and economic 
implications. An alternative option which is eco-friendly and economically smart is the reuse of 
exhausted material after regeneration. Up until recently literature studies solely focused on the 
adsorption capability and neglected to evaluate the regeneration and reusability of hydrogels. 
There are two critical requirements for a hydrogel to be reused, which are 1) reversible 
adsorption and 2) resistance to degradation i.e. hydrogel stability.11, 35 Importantly, the 
adsorption mechanism must be non-permanent and weak enough to be disrupted by another 
molecule. Furthermore, the hydrogel must be biologically, chemically and physically stable 
during successive cycles of adsorption-desorption.11, 24 therefore, when designing a hydrogel 
it is important to investigate the chemical, thermal, and mechanical resistance of the hydrogel.  
A common method for desorption of pH sensitive adsorbate is treating hydrogels with a basic 
and/or acidic solutions such as NaOH, HCl, HNO3, and H2SO4. The presence of H+ results in 
the displacement of ionic pollutant. Rehman et al. regenerated Arsenate loaded hydrogel with 
5M HCl and observed a significant decrease in adsorption capacity.51 The recovery of 
adsorbate is often incomplete resulting in a decreased performance as reported by Rehman 
et al. 51 To obtain durable hydrogels different strategies have been employed in literature, 
which include higher degree of crosslinking, copolymerisation and preparing composites with 
inorganic constituents. Increasing the degree of crosslinking is by far the easiest strategy 
however, a higher degree of crosslinking results in a more brittle structure, low swellability and 
reduced adsorption capacity.24 To improve mechanical properties mechanical properties of 
ionic hydrogels, inorganic species are incorporated in the formulation. For example, 
Hosseinzadeh and Khosnood used montmorillonite (a type of clay) as a reinforcing agent.11, 17 
This resulted in improved mechanical stability and recyclable hydrogel, however to date no 
extensive research on chemical stability of the hydrogels has been investigated. Hydrogel 
recovery is also an important factor to consider. A prominent strategy for the recovery of 
hydrogels is the incorporation of magnetic nanoparticles. Magnetic hydrogels are easy to 
remove in solution after use by simply introducing a magnet.32, 52 Despite growing interest in 
hydrogel nanocomposites, minimal information exists on the overall stability of hydrogels. 




2.6. Conclusion  
PVP hydrogels are highly versatile materials which offer endless possibility for various 
applications. In recent years hydrogels have demonstrated adsorptive properties owing to the 
presence of cyclic amide functionality. Homopolymer PVP hydrogel synthesis has experienced 
limitations in adsorptive studies due to its poor mechanical properties and poor 
swelling/deswelling ratios. Various strategies to improve the mechanical properties have been 
explored, including the copolymerisation of PVP with PAA. Nanocomposites such as clay have 
been reported to improve mechanical properties of hydrogels, as such in this research 
preliminary investigation of clay NC-PVP-hydrogels synthesis will be conducted. The study will 
also provide a holistic overview of the adsorption behaviour of the synthesized hydrogels.  
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Chapter 3: Synthesis of PVP hydrogels  
 Introduction: PVP hydrogels 
In recent decade hydrogels have been explored as potential adsorbent materials for 
wastewater treatment. Hydrophilic gels commonly referred to as hydrogels are fabricated by 
the formation of crosslinks along a stable polymeric network. Methods of crosslinking are 
divided into two main classes: chemical crosslinks and physical crosslinks.1 Chemically 
crosslinked gels are composed of polymer networks with permanent, often non-reversible 
covalent bonds.2-4 Physically crosslinked gels are held together by non-covalent interactions 
between different polymeric chains which prevents dissolution.3, 4 These physical interactions 
can be electrostatic interactions, hydrogen bonding, hydrophobic interactions, crystallization 
or chain entanglements.4 Furthermore, these physical crosslinks are temporary and can be 
disrupted or induced by an external stimuli. For the synthesis of poly(N-vinylpyrrolidone) PVP 
hydrogels, both chemical crosslinks and physical crosslinks have been employed. Due to the 
presence of the cyclic amide moiety, PVP hydrogels are able to adsorb pollutants with 
hydrogen bond donating capacity and thus, have attracted extensive research as water 
absorbing, soft and biocompatible materials. Chemically crosslinked PVP gels have been 
prepared via free radical homo/copolymerisation 5 and radiation-induced crosslinking of ready-
made PVP,2, 6-9 with the latter being the more preferred approach due to the ease of the 
process.8, 10 However, free radical crosslinking polymerisation results in a random distribution 
of crosslinking points consequently, hydrogels with inferior mechanical properties and limited 
swelling/deswelling ratios are produced.9, 11 To resolve this, PVP is often blended with various 
polysaccharides (Chitosan, carboxymethyl cellulose (CMC), agar and sodium alginate) 9 or 
copolymerised with polymers such as poly(acrylic acid) (PAA), and poly(vinyl alcohol) (PVA).8, 
12 Such polymers are able to enhance mechanical properties by introducing physical crosslinks 
through intermolecular hydrogen bonding between carbonyl group of PVP’s lactam side chains 
and hydroxyl groups of PVA or PAA, resulting in the formation dual crosslinks (physical 
crosslinks and chemical crosslinks) within the network. 
Copolymerization as a method to enhance mechanical properties and swelling/deswelling 
ratios of PVP hydrogels, is the dominant method for the synthesis of PVP gels. Chao Xu et al. 
synthesized high strength PVP gels from N-vinylpyrrolidone (NVP) by photoinitiated 
copolymerisation and achieved high tensile strength (up to), extensibility (up to), and 
toughness 3.9 MPa, 600%, 9 MJ/m3, respectively. 13 In the early 2000s Haraguchi et al. 
reported successful synthesis of mechanically enhanced hydrogels of poly (N-




alkylacrylamides), The gels were fabricated through the formation of unique organic (polymer)–
inorganic (clay) networks.14, 15 Theses fabricated gels exhibited enhanced mechanical, optical 
and swelling/deswelling properties and thus the method emerged as an alternative for the 
preparation of poly(N-alkylacrylamides) hydrogels (which are also said to exhibit poor 
mechanical properties).15 The polymer-clay network is achieved by in-situ free radical 
polymerisation. Multiple polymer chains interact with exfoliated clay platelets through physical 
interactions such as hydrogen bonding, In essence clay platelets act as multifunctional 
crosslinkers (see chapter 2 for detailed mechanism of network formation).16 Network formation 
is dependent on the clay and monomer selection. Synthetic clays classified as smectite such 
as hectorite and montmorillonite, and their modified versions (e.g. with fluoronation or addition 
of pyloric acid) are used, provided they can be exfoliated in water.14 A clay particle size of >30 
nm is generally considered sufficient for the construction NC gels.14, 17, 18 Larger clay particles 
are ineffective due to poor exfoliation and pronounced aggregation in aqueous solution.14 In 
the case of monomer selection, polar monomers containing amide (N-isopropylacrylamide, 
N,N-dimethylacrylate and acrylamide) groups are said to be the most effective, presumably 
due to their ability to hydrogen bond with the clay surface. Monomers containing carboxyl, 
sulfonyl or hydroxyl moieties can also be used alone or as comonomers.14, 18 





In this work, we explore two methods for the synthesis of PVP hydrogels: 1) “conventional” 
chemical crosslinking copolymerisation and 2) the novel organic/inorganic NC in-situ free 
radical polymerisation in the presence of exfoliated clay. For the preparation of conventional 
chemically crosslinking copolymerisation, NVP is copolymerised with sodium maleate dibasic 
(MA2-) and crosslinked by an acid amide crosslinking agent, i.e. N,N’-bis-(3-carboxy-1-oxo-2-
prop-2-enyl)ethylenediamine (BCOPENH2), see Scheme 3.1a. Acidic monomers such as 
maleic acid are often difficult to copolymerise with NVP due to the acid sensitive nature of 
NVP.19 Thus a buffered aqueous medium is required for successful polymerisation of NVP. In 
the fabrication of PVP-NC gels, NVP and LAPONITE® clay were employed as organic and 
inorganic components, respectively. For all fabricated gels, the chemical composition, swelling 
behaviour, morphology, and some mechanical properties were investigated.  
 Experimental Procedures:  
3.2.1 General experimental details 
Materials 
 
Scheme 3-1. Synthetic route for the formulation of a) chemically crosslinked hydrogels and b) 
nanocomposite (NC) hydrogels. 




Ethylenediamine (EDA) was purified by distillation under reduced pressure. Maleic anhydride 
was recrystallized from chloroform and dried under vacuum at 40 °C N,N,N’,N’-
tetramethylethylenediamine (TEMED, Sigma-Aldrich BioReagent suitable for electrophoresis, 
~99%) was stored in an inert atmosphere and used without additional purification. NVP 
(Sigma-Aldrich >99%), Laponite JS (Rockwood Ltd: [Mg5.5Li0.3Si8O20 (OH)4] Na0.7), Ammonium 
persulfate (APS, (NH4)2 S2O8) potassium persulfate (KPS, K2S2O8), and glacial acetic acid 
(Sigma Aldrich ≥ 99%) were used without additional purification. Buffered solutions were 
prepared using distilled deionized water. Distilled deionized water was obtained from a 
Millipore Milli-Q purification system and used in all experiments. The pH of all solutions was 
determined using a pH meter. Snakeskin dialysis tubing (molecular weight cut-off, MWCO = 
3500 g/mol) was purchased from Thermo Scientific. 
Characterization  
Nuclear Magnetic Resonance (NMR) 
1H-NMR and 13C-NMR spectra were recorded on a Varian VXR-Unity (300 MHz or 400 MHz) 
spectrometer at room temperature (25 °C). Samples were all dissolved in deuterated solvents 
obtained from Cambridge Isotopes labs prior to NMR analysis. Spectra analysis was carried 
out using Mestranova 9.0. Chemical shifts were reported in part-per-million (ppm) and 
referenced to the residual solvent protons. Abbreviations for NMR splitting patterns are 
designated as s (singlet), d (doublet), t (triplet), q (quartet) and m (multiplet). The coupling 
constants (J) are reported in Hz. 
 
Attenuated total reflection Fourier infrared (ATR-FTIR) 
ATR-FTIR spectroscopy was conducted on a Nexus infrared spectrometer equipped with a 
smart Golden Gate attenuated total reflectance diamond from Thermo Nicolet with ZnSe 
lenses. Each Spectrum was scanned 32 times with 4.0 cm-1 resolution. Omnic software version 
7.2 was used to perform data analysis. 
Scanning transmission electron microscopy (STEM) 
The morphology, size, and degree of exfoliation of the laponite JS clay nanoparticles was 
determined by STEM and XRD. STEM images were obtained using the instrument: Zeiss 
MERLIN Field Emission (FE) SEM at the Electron Microbeam Unit of Stellenbosch University’s 
Central Analytical Facility (CAF). Samples were prepared by dispersing hydrogel sample in 
distilled water and subsequently loading onto copper transmission electron microscope (TEM) 
grid. The TEM grid was placed onto 12-place STEM sample holder and held into place by a 
copper ring and screw. A Zeiss five-diode Scanning Transmission Electron Detector (Zeiss 
aSTEMA Detector) and Zeiss Smart SEM software were used to generate images.  




X-ray diffraction (XRD) 
The degree of exfoliation of Laponite clay was further analysed using XRD analysis. XRD data 
were collected at 2𝜃 range = 10-40 kV, 30mA by 2D wide –angle X-ray diffraction (WAXD) 
using a D2 phaser instrument (Bruker AXS, Germany) with a Cu Kα radiation (λ = 1.54 Å) 
source, and a PSD Lynx-Eye (Si-strip detector; 19 channels XRD). Instrumentation was 
operated at RT. 
Scanning Electron Microscopy (SEM) 
The morphology of all hydrogels was determined by SEM. Samples were sputtered with a gold 
coat and mounted on stubs using double-sided carbon tape. Zeiss Secondary Electron (SE2) 
detector or the Zeiss inlens detector using Zeiss SmartSEM software. The beam conditions 
during the image analysis were 15 kV acceleration voltage, 250 pA beam current (I-probe), a 
working distance (WD) >4 mm and a high-resolution column configuration (Column Mode). 
Thermogravimetric Analysis (TGA) 
Thermal analysis of nanocomposite hydrogels was characterized using thermogravimetric 
analysis, TGA from TG instrument Q500 thermogravimetric analyser under nitrogen at 5 
°C/min. TGA traces the changes in weight as the temperature is increased, while an argon gas 
flows at a rate of 100ml/min. Samples were run from 30 to 600 °C at a heating rate of 10 
°C/min. 
3.2.2 Synthesis procedure  
Synthesis of N, N’-bis (3-carboxy-1-oxo-2-prop-2-enyl) ethylenediamine (BCOPENH2) 
crosslinker 
The synthesis of unsaturated acid amide crosslinker, of N,N’-bis (3-carboxy-1-oxo-2-prop-2-
enyl) ethylenediamine (BCOPENH2) was derived from the work of Bhagwan S.Garg et al.20 
Recrystallized maleic anhydride (0.033 mol) was dissolved in 50 mL of glacial acetic acid. 
Ethylenediamine (0.0166 mol) was added dropwise to the maleic anhydride solution while 
cooling in an ice bath. A white precipitate formed as reaction proceeded. After 5 hours the 
product was filtered off and washed thoroughly with acetone (3 x 50 mL). The crude product 
was dissolved in a 5 wt. % sodium carbonate solution and regenerated using 1 M hydrochloric 
acid solution. This purification step was repeated twice before re-dissolving the precipitate in 
5 wt. % sodium carbonate solution and freeze dried to obtain a white powder with a yield of 
93%. 1H-NMR (400MHz, D2O): δ [ppm] = 6.38 (2H, d, 3J=12.3 Hz), 6.00 (2H, d, 3J=12.8 Hz), 
3.4 (4H s). 13C NMR (400 MHz, D2O): δ [ppm] = 39.17 (CH2-N), 124.7 (CHCONH), 136.90 
(CHCOO), 162.3 (HCO3), 168.9 (CONH), 175.6 (COO). IR cm-1: 3244 cm-1, 1660 cm-1, 1562 
cm-1, 1430 cm-1, 1348 cm-1. 




Preparation of chemically crosslinked PVP hydrogels (PVP-OR-M gels) 
Chemically crosslinked PVP hydrogels investigated in this work were prepared by the free 
radical polymerisation of NVP in a buffered solution with varying amounts of BCOPENH2 
crosslinker. The effect of crosslinker concentration was investigated. A typical procedure is 
described as follows for entry 1, Table 3.1: BCOPENH2 (2 mol %, 0.140 g) was dissolved in 
deionized water (10 mL). Thereafter, NVP (3.03g, 0.0272 mol) was added into NVP solution. 
The solution was degassed for 10-15 minutes. To initiate polymerisation an equimolar ratio of 
APS initiator and TEMED catalyst (3.00 mol. % relative to total moles of NVP and BCOPENH2, 
8.34 × 10−3  mol) were added to reaction solution. Table 3.1 shows the compositions used for 
all hydrogels prepared. Hydrogels were given a general code: PVP-OR-M where OR 
abbreviation stands for organically crosslinked hydrogel, and M is the mol % of crosslinker 
used. For example, PVP-OR-2 is a PVP based hydrogel formed by 2 mol.% crosslinker. 
Preparation PVP – sodium dibasic maleate (PVP-MA) hydrogels  
Chemically crosslinked PVP-MA hydrogels investigated in this work were prepared by the free 
radical copolymerisation of NVP and sodium dibasic maleate in a PBS buffered solution (pH 
7.2) with x mol. % of BCOPENH2 crosslinker. The effect of MA and crosslinker concentration 
was investigated. A typical procedure is described as follows, for Entry 1, Table 3.2: 
BCOPENH2 (0.1397 g, 20 mol. %) was dissolved in a PBS buffered medium (10 mL) and MA 
(1.091 g, 6× 10−2 mol). Thereafter, NVP (3.03 g, 0.0272 mol) was added into BCOPENH2 
solution. The solution was degassed for 10-15 minutes. To initiate polymerisation, pre-
dissolved APS (entry 1, Table 1) (3.00 wt. % relative to NVP and BCOPENH2 moles, 
6.95 × 10−3  mol) and equimolar catalyst TEMED were added to reaction solution. Table 3.2 
shows the compositions used for all hydrogels prepared. The hydrogel nomenclature is based 
in the initial concentration of monomer and crosslinker and is given by a general code: 
PVP/MAn--OR-M where n is related to the degree of ionisation, x: y is the ratio of NVP to MA 
n- OR is abbreviation for organically crosslinked hydrogel and M is the mol% of crosslinker 
used. For example, PVP1/MA0.5-OR-20 refers to a hydrogel with an initial monomer feed of 
NVP:MA2- = 1:0.5, and a 20 mol % of BCOPENH2 relative to total monomer concentration. 
Preparation of Nanocomposite hydrogels Laponite/PVP hydrogel 
NC gels were prepared using NVP, Laponite clay as a crosslinker, KPS and TEMED as initiator 
and catalyst, respectively. Initial compositions of NVP, clay, KPS and TEMED were derived 
from reference 15. No gelation occurred under these conditions, subsequently, the clay content 
and monomer concentrations were increased. Table 3.3 shows the initial composition of 
reaction mixture. In a typical experimental procedure, following entry 1 in table 3.3: Laponite 
clay (0.457 g, 0.0199 mol/L) was dissolved in distilled deionized water (pH 6.5, 14 mL) at 35 
°C to form a clear solution. NVP was added and solution remained clear. The solution was 




placed in an ice bath and the catalyst TEMED was added followed by KPS which initated 
polymerization. The reaction mixture was placed in a water bath at 25 °C for 20 hours. Varying 
compositions of NC gels were prepared, table 3.3 shows the various amounts used to form 
NC hydrogels. Hydrogels were named according to the polymer type, the initial clay and 
monomer content in reaction solution. A general code name N-NCm-Mn is used for gels, where 
N is the type of polymer (in this work PVP) and m is initial clay content and n is initial NVP 
content. For example, PVP-NC3-M22 is the gel with approximately 3.0 (m/m) wt. % clay and 
22.60 wt. % NVP. 
Swelling studies 
Swelling experiments were performed in buffered solutions in triplicate at pH values of pH 3.55, 
7.44, and 10.66 at ambient temperature. Pre-weighed samples were submerged in excess 
water and weighed periodically. Prior to weighing samples excess buffered solution was patted 
with filter paper to remove excess water. The samples were re-submerged in buffered solution. 
The swelling ratio was calculated using the formula: 
%  𝑆𝑅 =  
(𝑊𝑡−𝑊𝑑)
𝑊𝑑
 × 100% (1) 
Where 𝑊𝑡 and 𝑊𝑑 represent the weight of the swollen hydrogel at a predetermined time interval 
and the weight of dry hydrogel, respectively.  
 Results and Discussion  
3.3.1 Synthesis and Characterization  
 
Scheme 3.2. Synthesis of N,N’-bis (3-carboxy-1-oxo-2-prop-2-enyl) ethylenediamine 
(BCOPENH2). 





Prior to synthesizing OR hydrogels, a crosslinker is required. Traditionally, N,N’-methylene-
bis-acrylamide (MBA) is used for the synthesis of chemically crosslinked hydrogels. In this 
work we endeavoured to synthesize an acid amide crosslinker with favourable functional 
groups (–COOH and –CONH–) for adsorption of organic pollutants. A synthesis procedure 
from Bhagwan S. Garg et al. was used.20 MBA shares functional similarities with BCOPENH2 
in that they both have the presence of amide moieties and divinyl groups, however, 
BCOPENH2 contains carboxylic moieties which are known to enhance adsorption capacity of 
hydrogels. The synthetic route for the synthesis of BCOPENH2 is represented in Scheme 3.1. 
In its protonated form BCOPENH2 is insoluble in all organic solvents and water. Therefore, for 
characterization purposes and hydrogel synthesis BCOPENH2 was deprotonated by dissolving 
in an aqueous NaHCO3 and freeze dried to yield a dry white powder of the carboxylate 
derivative of BCOPENH2, which could be stored under ordinary conditions. 1H NMR, 13C NMR, 
and FTIR spectroscopy were used to confirm the successful synthesis of the acid amide 
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Figure 3.1. 1H NMR spectrum of carboxylate derivative of BCOPENH2.  
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Table 3.1 Initial Composition of reaction mixture for PVP-OR-M gels 
aCrosslinker concentration is mol % relative to total moles of monomer. b10 g of PBS buffered 
water was used to prepare each reaction mixture and constant initiator, and catalyst. 
cConversions were determined gravimetrically. For M = 2 - 15 no % conversion is reported 
since no gelation occurred. 
Following successful synthesis of crosslinker OR hydrogels were prepared in a PBS buffered 
aqueous medium aqueous and redox initiator was employed. It was found that a minimum 
concentration of 20 mol % crosslinker was required for gel formation. In this case, gel formation 
was evaluated qualitatively by tube inversion. It was observed that the samples flowed under 
their own weight, suggesting that the samples were inelastic and did not have a yield stress, 
indicating that they were viscous polymer solutions and not gels.22 Gelation was first observed 
with 30 wt. % of NVP and 20 mol % BECOPENH2, with the formation of a translucent gel, 
which did not flow under its own weight as judged by the tube inversion test, as described 
above. The transparency of PVP-OR gels showed a dependency on the crosslinker 
concentration. The opacity of OR gels increased with crosslinker content, likely due to 
morphological heterogeneities resulting from irregular crosslinking by BCOPENH2.15 The 
formed hydrogel at 20 mol % was soft and fragile. As the crosslinker content increased (mol 
% ≥ 30) the formation of white precipitates (characterized by the appearance of white 
cauliflower-like precipitate embedded in the formed gel) were observed after gelation. This 
suggests the formation of a heterogeneous network which could be due to prodigious 





Hydrogel Code NVP (mol)× 10−3 
BCOPENH2 mol % 
× 10−3 a,b 
% 
Conversionc 
1 PVP-OR-2 27.2  0.545 - 
2 PVP-OR-5 27.2 1.36 - 
3 PVP-OR-10 27.2 2.72 - 
4 PVP-OR-15 27.2 4.09 - 
5. PVP-OR-20 27.2 5.45 41.2 
6. PVP-OR-30 27.2 8.17 32.5 
7. PVP-OR-40 27.2 10.9 29.1 
8. PVP-OR-50 27.2 13.6 27.3 





FTIR analysis of PVP-OR-20 hydrogel and precipitate formed from PVP-OR-30 hydrogel are 
shown in Figure 3.2 a and Figure 3.2 b. The spectrum of PVP-OR-20 a broad band at 3327 
cm-1 corresponds to the stretching vibration of carboxylic groups (OH) of BCOPENH2.The 
transmission band located at 2953 cm-1 corresponds to CH2 asymmetric stretching vibration. 
The band at 1641 cm-1 corresponds to the C=O stretching vibration. An additional C=O 
stretching vibration is observed at 1564 cm-1. At 1492 cm-1 a short peak characteristic of C-N 
stretching is observed. The chemical composition of white precipitate isolated from PVP-OR-
30 is compared with PVP-OR-20 hydrogel. The precipitate exhibits similar characteristic peaks 
to that of PVP-OR-20 with a notable difference in the carbonyl region. In the carbonyl region a 
sharp peak at 1636 cm-1 is observed with a shoulder at 1578 cm-1. The intensity of the C=O 
peak associate to amide carbonyl of PVP suggests that the precipitate is largely composed of 
PVP than BCOPENH2. 
To rationalize the formation of white precipitates observed in this work, kinetic studies were 
conducted. Figure 3.3 shows the kinetic plots of the individual conversion of NVP and 
BCOPENH2 over time t, prior to gelation. Following a typical synthesis procedure for PVP-OR-
M hydrogels several reaction mixtures were prepared and polymerisation was stopped at every 
30 seconds until polymerisation stopped by addition of hydroquinone in the mixture. Individual 














conversions of monomers were calculated from NMR spectra using DMF as an internal 













𝐼1𝐻𝑚𝑜𝑛𝑜 and 𝐼1𝐻𝐷𝑀𝐹  corresponds to the integral of one proton of monomer and internal standard 
DMF, respectively. Based on the kinetic profiles in Figure 3.3, BCOPENH2 appears to be more 
reactive than NVP. At t =90 s 39 % conversion of BCOPENH2 is achieved. NVP merely 
achieves 6 % conversion. We propose that the formation of white precipitates is due to the 
disparities in NVP and BCOPENH2 reactivity. When gelation occurs the remaining NVP 
monomer is in excess and is able crosslink with the remaining BCOPENH2, thus forming a 
PVP dominate hydrogel.  
PVP/MAn- -OR-M gels 
Figure 3.3. Kinetic study of PVP-OR-20 hydrogel, on the left is the NMR spectra at different 
time intervals and on the right is the individual conversion of monomer NVP and 
BCOPENH2. 
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Table 3.2. Initial composition of reaction mixture for PVP/MAn- -OR-gels 
aAll solutions contain 10 g of water and constant initiator, and catalyst. bCrosslinker 
concentration is mol % relative to total moles of monomer. cConversions were determined 
gravimetrically for all formed hydrogels.  
When PVP-OR-M hydrogels were dialyzed and dried under reduced atmospheric conditions, 
the hydrogels became weak and brittle suggesting poor mechanical properties, consistent with 
literature observations that such gels, which are not reinforced, e.g. by numerous weak non-
covalent forces, such as hydrogen bonds, have poor mechanical properties.15, 16, 23 
Furthermore, hydrogels fragmented when submerged in water further suggesting insufficient 
crosslinks along polymer chains. Due to this display of poor mechanical and swelling  
properties, NVP was copolymerized with sodium dibasic maleate (MA2-). In this work, the 
maleate moiety will be represented as Man-, where n- represents the degree of ionization, which 
depends on the pH of a solution as illustrated in Figure 3.4.  











1. PVP1/MA0.5 –OR-20 13.63 6.82 20 49.6 
2. PVP1/MA1 –OR-20 13.63 13.63 20 52.8 
3. PVP1/MA0.5-OR-30 13.63 6.82 30 39.7 
 
Figure 3.4. Deprotonation of vicinal carboxylic acid of maleic acid. 




At pH>pKa1, proton Ha is readily deprotonated. The deprotonation of Hb becomes increasingly 
difficult due to the carboxylic moieties being adjacent to each other. As a result, deprotonation 
of Hb occurs at a higher pH. At pH>pKa2, Hb is deprotonated resulting in n = 2. Therefore, the 
charge composition of hydrogel or MA monomer varies depending on solution pH. Hydrogels 
were prepared at pH 7.24 at varying MAn- concentrations, Table 3.2 shows the initial amounts 
of NVP, MAn-, and BCOPENH2 for all prepared hydrogels. Depending on the concentration of 
MAn-, the resultant hydrogels were yellow or orange. At 0.682 M an orange gel was obtained 
and at 1.36 M a yellow gel was obtained. When dried the hydrogels reduced in size but retained 
original shape, suggesting the existence of sufficient crosslink points to maintain hydrogel 
properties.  
 
H-boding interactions  
Figure 3.5. Hydrogen bonding interactions present in a PVP/MA hydrogel. 
 





The presence of sufficient carboxylic moieties results in the addition of crosslinks via hydrogen 
bonding between PVP carbonyl group and MA hydroxyl group, illustrated in figure 3.5. 
Hydrogen bonds act as physical crosslinks which enhances the degree of crosslinking in the 
gels. To confirm the presence of intermolecular hydrogen bonding (H-bonding) ATR-FTIR 
analysis was employed. Figure 3.6 provides the FTIR spectra of homopolymer PVP, PVP-OR 
gel and PVP-MAn--OR gel. The characteristic carbonyl stretching vibration of PVP occurs at 
1650 cm-1. Intermolecular H-bonding results in a negative shift. In the case of PVP1/MA1–OR-
20 hydrogels a negative shift to 1637 cm-1 is observed. 
Figure 3.6. FTIR analysis of PVP, BCOPENH2 and PVP1/MA1–OR-20 hydrogel. 
 












As a comparative study, Kinetic samples of reaction mixture were withdrawn at set time 
intervals to generate a kinetic profile. The kinetic profile of PVP1/MA1 hydrogel is shown Figure 
3.6 proton Ha, Hb, and Hc are used to determine the conversion for NVP, BCOPENH2 and MAn-
, respectively. The kinetic profile reveals that both NVP and BCOPENH2 are consumed at a 
faster rate reaching conversion >80 % while MAn- achieves a conversion of 42 %. This is in 
stark contrast to the kinetics of PVP-OR-20 hydrogel, where the NVP is consumed at a lower 
rate. This implies that the reactivity of NVP is enhanced when polymerised in presence of MA. 
Further investigation NVP reactivity is required. Regardless, BCOPENH2 reaches high 
conversions than NVP (>80 %), suggesting that its reactivity is higher than NVP. 
 
Figure 3.7. Kinetic profile of individual monomers (NVP and MA) and crosslinker, BCOPENH2 of 
PVP1/MAn-1-OR-20 hydrogels. 
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3.3.2  Morphology of hydrogels 
 
Scanning electron microscopy (SEM) was employed to characterize the morphology of PVP-
OR and PVP/MAn- hydrogels in their dried state. Figure 3.8 a, b, and c show SEM images of 
PVP-OR-20 in two different regions and PVP1-MA1-OR-20 hydrogel, respectively. PVP-OR-20 
hydrogel. PVP-OR-20 granules are formed during the drying process, Figure 3.8 a) and b 
evince a hydrogel with two distinct morphologies. One with a smooth surface and another with 
what appears to be particle agglomeration. The “particle agglomeration” occurs during the 
drying process. As the hydrogels dries it fragments into small particles these particles cluster 
together resulting in what appears to be agglomeration of particles. The incorporation of MAn- 
also produces hydrogels with a rough surface (see Figure 3.8 c). Furthermore, the hydrogels 
appear to have “collapsed” pores suggesting that in the swollen state the hydrogel is porous. 
The porosity of the material is an added advantage for swelling and adsorption properties.  
3.3.3 Swelling studies  
Hydrogels have the unique ability to display a measurable change in volume, which is 







Figure 3.8. SEM images of dried a) PVP-OR-20, b) PVP-OR-20 at different magnifications 
(100 um and 200 µm respectively) and c) PVP-MAn--OR-20 hydrogels. 




phase.24, 25 The latter is commonly observed in gels with a LCST.25 Chemically crosslinked 
hydrogels swell when submerged into an aqueous medium. The degree of swelling depends 
on factors such as temperature,5 ionic strength, pH26, 27 and degree of crosslinking.28 For a 
polyelectrolyte such as PVP/MAn- -OR hydrogels, pH and ionic strength are important factors 
to consider when evaluating the swelling ability of the hydrogel. Therefore, in this work, the 
equilibrium swelling behavior of PVP1/MAn-0.5-OR-20 and PVP1/MAn-1-OR-20 hydrogels was 
investigated as a function of pH at a constant ionic strength. Swelling studies were conducted 
at a constant ionic strength of 0.25M by adding KCl to aqueous buffer solutions of citric acid 
(pH =3.51), imidazole (pH= 7.46), and sodium bicarbonate (pH=10.62). The swelling ratio (SR) 
was determined using equation (1) (as mentioned in experimental section).  
During hydrogel swelling polymer chains stretch as they imbibe water, resulting in an increase 
in size. A decrease in Wt or the physical appearance of gel fragments causes a decrease in 
swelling. For the PVP-OR-M series fragmentation was observed within several seconds 
regardless of the BCOPENH2 content. The addition of MAn- imparted a remarkable 
improvement in the swelling properties of the hydrogel. Figure 3.9 shows the swelling kinetics 
of polyelectrolyte (a) PVP1/MAn-0.5-OR-20 and (b) PVP1/MAn-1-OR-20. Predictably, the swelling 
ratio showed a dependency on hydrogel composition and solution pH. PVP1/MAn-0.5-OR-20 
exhibited a % SR > 250 %, at pH 10.6, however, % SR decreased after 5 hours, due to 
fragmentation of the hydrogel. An increase in MA n- content resulted in an increase in %SR. 
PVP1/MAn-1-OR-20 hydrogel achieved % SR > 1400% at pH 10.6 and 7.46. At pH 3.51 
PVP1/MAn-1-OR-20 hydrogel achieved % SR > 1000%. The pH dependency of %SR is related 
to the pKa of sodium dibasic maleate, which is the carboxylate form of maleic acid. The two 
COOH of maleic acid repeat unit have pKa values of (pKa1) 1.9 and (pKa2) 6.0 respectively.29 
When the first COOH is deprotonated, the propensity of the second COOH to deprotonate 
decreases due to electrostatic repulsions with the vicinal to COO-. 
At pH < pka1, the carboxylic groups are fully protonated (show in figure 3.10). The presence of 
COOH moieties results in hydrogen bonding interactions between the carboxylic acid groups 
of maleic acid/BCOPENH2 and amide groups of NVP/ BCOPENH2 which in turn results in the 
formation of a compact or tight structure. Thus, limiting the amount of water which can be 
imbibed by the gel. At pH > pKa1 or pH> pKa2 the carboxylic moieties are partially or fully 
deprotonated. Resulting in the presence of COO- moieties which induces electrostatic 
repulsion between polymer chains. The repulsive forces result in the expansion of the network 
structure and sufficient interstitial spaces are generated for the uptake of water and hydrogen 
bonding between water molecules and moieties on the polymer chains. The increase in MAn- 
content leads to an increase in the carboxylate groups. Consequently, the degree of swelling 
increases. A swelling equilibrium is observed for PVP1/MAn-1-OR-20 at 12 hours.  
 
























































Figure 3.9 swelling kinetics of (a) PVP1/MAn-0.5-OR-20 and (b) PVP1/MAn-1-OR-20 at pH 3.51, 
7.46, and 10.62. 





 Synthesis of Nanocomposite Hydrogel  
Polymer/clay nanocomposites (PCN) hydrogels are particularly interesting materials, which 
can withstand high levels of deformation (bending, torsion, tearing, elongation, and 
compression). Furthermore, PCN hydrogels exhibit enhanced swelling/deswelling and optical 
properties, compared to OR hydrogels. PCN hydrogels were pioneered by Haraguchi et al. 
who reported polymer/clay NCs with outstanding mechanical properties, high transparency 
and remarkable swelling/deswelling properties. In subsequent works Haraguchi et al showed 
that clay platelets act as multifunctional crosslinkers. Herein we sought to prepare PCN 
hydrogels based on PVP/MA/LAPONITE®. Both the formulation of nonionic and ionic 
polymer/clay NC hydrogels was explored using NVP and comonomer MAn- via in-situ free 
radical polymerization.  
Figure 3.10 Schematic illustration of pH induced swelling behaviour of 
carboxylic functionalised hydrogels. 




3.4.1 Preliminary investigation on synthesis of PVP/LAPONITE® hydrogel 
Table 3.3. Initial composition of reaction mixture for NC hydrogels 
aHydrogels are named according to initial monomer and clay wt. %. Refer to experimental section for 
details. b14 g of deionised water and a 5.3 × 10−3 mol of initiator and catalyst are used for each hydrogel 
formulation the wt.% of NC and clay is relative to the amount of water. cClay and polymer content is 
determined for samples selected for TG analysis. dModulus is determined from compression test.  
 
Preparation and thermal behaviour of PVP-NC hydrogels 
NVP was used in the in situ free-radical polymerization to form PVP-NC hydrogels. The initial 
clay content and NVP content was increased to achieve hydrogels with desirable mechanical 
and swelling properties. To initiate polymerization on the surface of platelets, initiator KPS and 
catalyst TEMED were selected. In preliminary work initial 1.50 wt. % clay and 11.30 wt. % NVP 
content were used for the formation of NC gel. However, no gelation was observed. Therefore, 
the initial clay concentration was systematically increased to 3.05 wt. %, 6.09 wt. % and 9.14 
wt. %. In addition to clay content playing a role in the hydrogel formation, monomer 
concentration is also said to affect the process of polymer/clay network formation. Therefore, 
the effect of clay concentration was investigated. The NVP concentration was increased to 
22.60 wt. % and 52.73 wt. %. Table 3.3 details initial reaction mixture composition, the clay 
and polymer content for all PVP-NC hydrogels.  
 Composition b   
Hydrogel Name a 
NC 
Wt. % (m/m) 
NVP 
Wt. % (m/m) 
Cpolymer/ Cclay c 
Modulus  
(E, Pa) d 
PVP-NC3-M11 3.25 11.3 0.4298 - 
PVP-NC3-M22 3.25 22.6 - - 
PVP-NC3-M52 3.25 52.7 2.02 - 
PVP-NC6-M11 6.09 11.3 0.795 - 
PVP-NC6-M22 6.09 22.6 - 5.03 
PVP-NC6-M52 6.09 52.7 0.985 - 
PVP-NC9-M11 9.14 11.3 0.668 - 
PVP-NC9-M22 9.14 22.6 - 5.61 
PVP-NC9-M52 9.14 52.7 1.07 10.06 





The NVP concentration (which is analogous to polymer content) was increased from 11.30 wt. 
% to 22.60 wt. % and 52.73 wt. %. Table 3.3 details initial reaction composition, the clay and 
polymer content (derived from TG analysis) for selected PVP-NC hydrogels. Polymer content 
and clay content data was obtained from TG analysis, by evaluating the % weight loss 
associated with polymer and clay. 
 
Cpolymer = % 𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠𝑝𝑜𝑙𝑦𝑚𝑒𝑟  × 𝑡𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 
 
TGA data indicates that initial clay content and monomer content is analogous to hydrogel clay 
and polymer content. Thermogravimetric curves of prepared hydrogels were obtained between 
25 °C and 600 °C (ideally temperature range should be 1000 °C, however, available TG 
instrument only operate in temperature range less ≥ 600 °C) and are shown in figure 3.11 
From the thermograms of the same polymer with different amounts of polymer chains (figure 


































































Figure 3.11 Thermograms and first derivative curves of NC hydrogels at a) different 
polymer content and at b) different clay content. 


































behaviour with an increase in polymer content. Within the temperature range 25 to 600 °C NC 
hydrogels decompose in two stages. A weight loss is observed at 100 - 146 °C range, 
associated with the elimination of imbibed water. Further increase in the temperature resulted 
in a large weight loss associated with the thermal decomposition of PVP. The starting thermal 
decomposition of pure PVP is reported at 380 °C.30 The onset decomposition temperature of 
PVP-NC shifted from 379 to 386 °C. An increase in PVP content also resulted in an increase 
in the thermal decomposition. The effect of clay content on the thermal stability was also 
investigated. Figure 3.11 b shows the thermograms of NC gels with a varying % of clay content. 
At a clay content of 3.03 wt. % multiple decomposition stages are observed the one stage is 
associated with the loss of water and the second stage (161 °C – 240 °C) corresponds to the 
decomposition of oligomeric compounds. The clay content influences the thermal stability of 
PVP, with an increase in clay content the thermal stability increases.  
Transparency and structural homogeneity.  
 
The initial reaction solutions for NC gel were always uniform and highly transparent and the 
resulting gels were equally transparent. However, the optical transparency decreased during 
the polymerization. This phenomena is accounted for in the series of work by Haraguchi et al. 
16 by the initial formation of clay particle brushes. The turbidity appeared uniformly throughout 
the reaction mixture, suggesting that the heterogeneous macroscopic phase separation or 
precipitation are not the cause of the transparency change. A change in transparency a key is 
Figure 3.12 The mechanism of the formation of polymer-clay network structures in a NC hydrogel. (a) 
Aqueous solution of NVP and clay. (b) Reaction mixture consisting of clay, NVP, KPS, and TEMED. 
(c) Initiation on the clay surface by KPS and TEMED (d) formation of clay-bushes and (e) complete 
























characteristic of polymer-clay network formation and is attributed to the formation of clay-brush 
particles and the subsequent organic/inorganic network. Figure 3.12 depicts the proposed 
model for the formation of organic/inorganic network structures in an NC gel, adapted from 
Haraguchi et al.31 The initial reaction solution is depicted in Figure 3.12 (a) and (b), the 
solutions were prepared in an ice bath. The temperatures were increased to 25 °C and 
polymerization was initiated. Through ionic or polar interactions polymer chains were ‘attached’ 
to clay platelets  
Network formation  
 
FTIR analysis was conducted to confirm the interaction between PVP and the LAPONITE® 
platelets. The strong absorption band of pure LAPONITE® (figure 3.13) at 969 cm-1 is ascribed 
to Si-O stretching vibration. The presence of absorption bands at 989, 1286, and 1645 cm-1 in 
figure 3.11 (c), strongly suggests the incorporation of PVP and clay in the hydrogel. Formulated 
NC gels were generally transparent regardless of the clay and polymer content (Cclay and Cp 
respectively), this stands in stark contrast to OR gels which turn opaque with increasing 
crosslinker content.  
3.4.2 Morphology of NC hydrogels 
To further investigate the effect of clay content on the morphology and to reveal the level of 
exfoliation in NC gels SEM, STEM and XRD analysis were employed. Figure 3.14 a – d 
represents SEM images of PVP-NC6-M52 and PVP-NC9-M52 at different magnifications. Both 














Figure 3.13 FTIR spectra of a) laponite JS clay, b) pure PVP and c) PVP-NC gel. 




NC gels appear to have similar morphology in that the gels have a rough surface with irregular 
striation. In figure 3.14 d the appearance of nanoparticles is observed. According to Haraguchi 
et al. depending on the amount of monomer used, network formation during the course of 
polymerization and may impede on optical mechanical properties.31. In the PVP-NC hydrogel 
synthesis section we reported that the clay was sufficiently exfoliated, and the clay platelets 
were evenly dispersed. This conclusion was based on the visual observation of highly 
transparent NC gels. To substantiate the conclusion XRD analysis of dried gels was 
conducted. The XRD profile of laponite clay is reported to have a strong diffractive peak at 2𝜃 
=7.1 ° (d = 1.25 nm) corresponding to the spacing between clay sheets. no distinct diffraction 
peaks were observed in the 2𝜃 = 1.5 ° to 7° for all dried PVP-NC gels. This implies that there 
is no stacking of clay or the presence of clay/polymer intercalation in the dried NC gel and 
therefore, by analogy, in the NC gel. In this work, we studied NC gels of different clay content 
and polymer content. Regardless of clay and polymer content no distinct diffractive peaks were 
observed, see figure 3.15.  
In this work it is found that for all clay concentrations and monomer concentrations the clay 
platelets are extensively exfoliated. The resultant hydrogels were highly transparent. A distinct 
peak is observed in the region of 2𝜃 range from 9 to 12, which is associated with the diffractive 
pattern of PVP. In addition to XRD, STEM analysis of NC gels was conducted to bolster results 
obtained from XRD profiles. Figure 3.16 shows STEM images of NC gels with clay 
concentration, m= 6.09 wt. % and 9.14 wt. %. The absence of stacked clay particles supports 
XRD findings, that for all clay concentrations clay platelets were sufficiently exfoliated. 


















3.4.3 Mechanical properties of NC hydrogels 
Clay nanocomposites are reported to have an enhanced effect on the mechanical properties 
of NC gels. We conducted compression tests on swollen NC hydrogels prepared with varying 
monomer concentration and clay concentration. The Young’s modulus (E) is calculated from 
linear region of curve (at a strain of 5 - 20 % depending on hydrogel), using equation below.  







Figure 4.15. X-ray diffraction profiles for PVP-NC gels with different clay and polymer content. 
 















Figure 3.16 Scanning transmission electro micrograph of dried a) PVP-NC6-M52.and b) PVP-NC3-M52 










Figure 3.17 shows the stress-strain curves in NC hydrogels with clay loadings > 6 wt%. NC 
gels with clay wt% < 6 were too fragile to load onto compressive instrument and are not 
included in this discussion. Comparing the PVP-NC6-M22 and PVP-NC9-M22 hydrogels, there 
is an inconsiderable difference in maximum load reached by both NC gels. Both were able to 
values of ~800 Pa before permanent rupture, with NC9 -hydrogel taking larger strains, 𝜀, up to 
40%, compared to ~30% for NC6-hydrogel. Furthermore, an increase in the clay content from 
NC6 to NC9 leads to hydrogels with a high E up to 10 Pa (E values are shown in Table 3.3). 
Both clay content and polymer content effect the mechanical strength of a PCN hydrogel. An 
increase in monomer concentration results in a higher degree of polymerisation between clay 
platelets. When a force is loaded onto the gel polymer chains to dissipate external force, thus, 
resistance rupture during compression. Although in this work we were able to improve the 
strength of PCN hydrogels, unlike the Haraguchi et al. system, 32 hydrogels in this work 
displayed limited resistance to deformation in modes such as tearing, bending and 
compression. Further investigation is required.  
 










































Figure 3.17. Stress-strain curves in compression for NC gels with different polymer 
and clay content. 




3.4.4 Preliminary investigation on the effect of MAn- on LAPONITE dispersion 
in aqueous medium.  
In chapter 2 we discussed the formation of the so-called house-of-cards structure which results 
in the premature gelation. Clay platelets are negatively charged on the surface and positively 
charged on the rim. Surface to rim electrostatic interactions result in the formation of the house 
of card structure shown in Figure 3.18. The nature of a monomer (ionic or non-ionic) can 
exacerbate the formation of the house of card structure, typically NC hydrogels are composed 
of non-ionic monomers crosslinked by LAPONITE®. The preparation of ionic NC hydrogels 
presents a few challenges due to the formation of aggregates and premature gelation upon 
the addition of an ionic monomer to the clay dispersion. Ionic monomers such as acrylic acid 
increase ionic strength and decrease electrostatic repulsion inducing instability in the clay 
dispersion.  
 
Numerous attempts to overcome the formation of the house-of-cards have been reported, in 
which two main strategies were developed: (1) using nonionic monomers to pre-adsorb onto 
the surface of LAPONITE® before polymerization of ionic monomer; (2) selecting specific ionic 
monomers to realize good dispersion of LAPONITE®. Jaun Du et.al added acrylamide-2-











Figure 3.18. Proposed mechanism for ionic MAn- PCN hydrogel. 




aggregation of clay in the presence of acrylic acid. In continuation with LAPONITE®/AA 
system, Jaun Du et al. developed a facile one-pot to prepare ionic hydrogels at high clay 
concentrations in the presence of ionic monomers, by using Na2P2O7 as a pre-adsorbing agent 
(see figure 3.18 for illustration).17 
In this work we followed Jaun Du et al. synthesis approach in an attempt to synthesize 
LAPONITE®/PVP-MAn- hydrogels. 17 In Figure 3.19 the effect of MAn- on the dispersion across 
z concentration range are produced. Na2P2O7 is pre-adsorbed onto the surface of 
LAPONITE®, thus prohibiting the formation of a ‘House of Cards’ structure. As the MAn- 
content increased the LAPONITE® dispersion became unstable and the viscosity increased 
while transparency decreased. The presence of MAn- monomer increases the ionic strength of 
solution, thus decreasing the electrostatic repulsion among the LAPONITE® platelets resulting 
in the formation of clay aggregates. At M > 0.51 mol/L a clear solution is observed across all 
clay and NVP concentration. As a comparison, PVP-NC6-M2 forms clear solution at M≥ 0.51 
mol/L. A transparent solution implies that clay platelets are sufficiently exfoliated. Attempts to 
polymerize all the reaction solutions that gave a clear colourless dispersion after the addition 
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Figure 3.19. photographs of different LAPONITE ®, NVP, and MAn- (z = 2.03, 0.67, M3= 0.51, 
M4=0.25, and M5=0.20 mol∙L-1) content. For all reaction solutions LAPONITE® is dispersed 
homogenously by the addition of Na2P2O7. Effect of MAn- on the transparency of (a) PVP-NC3-M2 
series, (b) PVP-NC3-M4 series (c) PVP-NC6-M2 series and (d) PVP-NC6-M4 series is monitored. 
mol/L) 




Polymerisation attempts, however, proved unsuccessful as no gel formation was observed. 
Instead, a white precipitate was observed in all reaction mixtures and an increase in viscosity 
(visual observation). Therefore, It may be necessary to conduct viscosity studies on the 
solution mixture as a change in viscosity is also considered an indicator for aggregate 
formation or poor exfoliation of clay platelets. 
 Conclusion  
In this work OR PVP hydrogels were synthesized and tested for mechanical and swelling 
properties. PVP-OR-M hydrogels displayed poor mechanical properties and swelling ability. 
An increase in crosslinker concentration results in increased opacity and the formation of 
cauliflower-like precipitates embedded in the gel. The formation of precipitates is attributed to 
the low conversion of NVP and BCOPENH. To prevent the formation of white precipitate and 
improve the mechanical properties of PVP OR gels, MAn- was incorporated in the system. PVP-
MA hydrogels were obtained with the ability to achieve % SR >1000 % depending on the pH. 
In addition, we conducted preliminary investigation on PCN hydrogels. PVP PCN hydrogel 
were synthesized, the effect of clay and monomer concentration on compressive tensile 
strength was studied. PVP/LAPONITE ® gels showed a remarkable improvement in strength, 
however, lacked comparable properties to LAPONITE ® hydrogels synthesized by other 
researchers. Therefore, further optimization of NC gels is required. Because we intend to use 
hydrogels as adsorbents, we became interested in incorporating MAn- monomer to the PCN 
system, therefore, a preliminary investigation on the effect of MAn- concentration on the clay 
dispersion were conducted. The addition of MAn- resulted in aggregation and premature 
gelation of reaction mixture.  
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Chapter 4: Preliminary Adsorption 
Studies 
4.1. Introduction 
Dyes have been known to mankind since ancient times. In the 19th century the first synthetic 
dyes were discovered. Since the serendipitous discovery of synthetic dyes, their production 
has increased significantly. Various anthropogenic industries such as painting, printing, dyeing, 
and textile industry have contributed to the increased presence of dye effluent.1-5 The textile 
industry accounts for approximately 54 % release of dye effluent, contributing more than half 
the dye effluent.1, 2 Once a dye has exhausted its lifecycle, it is discarded into environmental 
water bodies, thus, contributing to increased pollution. During the dyeing process dye 
molecules are unable to completely attach to the fabric, resulting in the production of dye 
effluent, which is ejected into the water-bodies.2 
Dye effluent also known as dye wastewater contain hazardous chemicals which have adverse 
implications on the health of humans and living organisms. Owing to their complex chemical 
structure dyes are non-degradable as a result their presence in aquatic environments 
compromises the aesthetic quality of water, limits the penetration of light, thus reducing the 
rate of photosynthesis 5, 6, and increasing the biochemical and chemical oxygen demand (BOD 
and COD, respectively).5 Dyes are organic compounds which can either be water soluble or 
insoluble and are classified based on their chemical structure.2 Regardless, synthetic dyes 
possess a common disadvantage, which is their hazardous and toxic nature.3, 5 
The water-soluble nature of certain dyes presents challenges in the purification process. 
Conventional methods for the purification techniques are insufficient at removing these dyes 
due to their high solubility in water.7 An ideal method should be able to achieve high adsorption 
capacity at a fast rate without inadvertently generating secondary pollution.7, 8 Adsorption is by 
far the best and most preferred method as it is cost effective, efficient, and amenable to 
recycling and produces no secondary pollution.7 Adsorbent materials, such as hydrogels, are 
reported to be more efficient in the removal of dye pollutants.1, 7, 9 Commercial adsorption 
process use two types of reactor modes: fixed bed reactors and stirred tank reactors. 
Hydrogels in a fixed bed column create issues such as compaction and pressure drop, 
resulting in a reduced speed of water flow across the column, limiting the efficiency of 
adsorption. For these reasons, hydrogels are suspended in a stirred tank reactor solution.  




Functional groups such as –OH, –COOH, –CONH–, and –NH2 are able to efficiently remove 
organic pollutants, 3, 10 through a combination of (1) electrostatic interaction (2) dipole 
interactions/ hydrogen bonding, and (3) hydrophobic interactions.4 The mechanisms are 
dependent on various factors such as temperature, ionic strength, and pH.11 For example the 
surface charge of a hydrogel with carboxylic or hydroxyl moieties can vary with pH. At pH ≥ 
pKa the carboxylic/hydroxyl groups are deprotonated resulting in a negatively charged 
surface.11 In the presence of a cationic pollutant electrostatic interactions become the dominant 
mechanism for removal. At pH ≤ pKa the carboxylic/hydroxyl moieties protonated, this results 
in the presence of hydrogen bonds between sorbate and sorbent.  
In this work we conduct preliminary investigations into the adsorption potential of hydrogels 
synthesised in chapter 3, namely, PVP1-MA1-OR-20 hydrogel, which exhibited % SR greater 
than 1400 % at ~ neutral pH. Large swelling ratios are a very attractive property for hydrogels 
as adsorptive materials. Batch adsorption experiments are conducted to examine adsorption 
capacity of PVP1-MA1-OR-20 gels as a function of adsorbent dosage, pH, contact time and 
initial concentration. A water-soluble cationic dye, methylene blue (MB), was used to represent 
organic micropollutants. Adsorption kinetics were investigated using pseudo first-order, 
pseudo second order, and intra-particle diffusion models. Langmuir, and Freundlich isotherm 
models were used to describe the sorption mechanism. The derivation and usefulness of these 
models has been explained in chapter 2. Furthermore, in this chapter we investigate the 
thermodynamic parameters for the sorption process.  
4.2. Experimental 
Hydrochloric acid (HCl, ACS reagent, 37 %), sodium hydroxide (NaOH, ACS reagent, ≥ 97.0 
%, pellets), Methylene blue (MB, ≥ 98.5 %) were purchased from Sigma Aldrich and used as 
received. Distilled deionized water obtained from a Millipore Milli-Q purification system was 
used for all experiments. The change in solution concentration was analysed via UV/Vis. 
Wavelength 664 nm was used to determine absorbance. 
4.2.1. Dye adsorption experiments: 
4.2.1.1. Effect of pH and adsorbent dosage 
Adsorbent dosage 
Before dye sorption studies were conducted, PVP1-MA1-OR-20 hydrogels were swollen in 
distilled water at pH 7.0 for at least 12 hours. The swollen hydrogel was submerged into MB 
solution with known concentration (initial concentration of 10 mg/L) at 25 °C for 24 hours. The 
effect of adsorbent dosage was studied by varying amount of adsorbent added to 100 mL MB 
solution (10 mg/L) at room temperature (298.15 K) at a solution pH of 7.0. 0.25 g, 0.50 g, 1.00 




g, 1.25 g and 1.50 g of swollen adsorbent were tested. The final concentration of MB was 
determined after a contact time of 24 hours.  
Effect of Solution pH 
To investigate the effect of pH on the removal of MB in aqueous solution, approximately 1 g of 
swollen PVP1-MA1-OR-20 was added to 100 mL MB solution (10 mg/L) at room temperature 
(298.15 K). The initial pH was adjusted using diluted HCl and NaOH solutions. MB 
concentration was after 24 hours was used to determine effect of pH. The effect of pH on MB 
adsorption capacity was studied by preparing MB solution with pH 3 – 12 by the addition of 
HCl or NaOH. Aliquots were withdrawn from MB solutions at a set time.  
For both adsorbent dosage and pH studies, a UV-visible spectrophotometer was used to 
measure the absorbance of MB at 664 nm and used to deduce the adsorption capacity (𝑞) 
using the following formulae:  
𝑞 =
(𝐶0 − 𝐶𝑡) × 𝑉
𝑚⁄  (1) 
𝑞𝑒 =
(𝐶0 − 𝐶𝑒) × 𝑉
𝑚⁄  (2) 
Where 𝐶0 (mg/L) is the initial dye concentration and 𝐶𝑡 is the dye concentration at time t. V (L) 
is the volume of dye solution and m (g) is the weight of dried adsorbent. 𝐶𝑒 and 𝑞𝑒 represent 
the dye equilibrium concentration and equilibrium adsorption capacity. 
4.2.1.2. Isotherm and Kinetic models 
Pseudo-first-order, pseudo second order, and intraparticle diffusion model were used to 












𝑞𝑒⁄  (4) 
𝑞𝑡 = 𝑘𝑖𝑑𝑡
1
2⁄ + 𝐶 (5) 
Where 𝑘1, 𝐾2 and 𝑘𝑖𝑑 are the rate constants associated with pseudo first order, pseudo-second 
order and intraparticle diffusion models, respectively. C (mg/g) is the intercept related to the 
thickness of boundary layer. The slope and intercept of ln[(𝑞𝑒 − 𝑞𝑡)] vs t is used for pseudo 
first order model, a linear curve of 𝑡 𝑞𝑡⁄  against t is used to ascertain pseudo-second order 
parameters, and for intraparticle diffusion model a linear plot of 𝑞𝑡 versus t
1/2 is used to obtain 
parameters.  




To obtain isotherm curves, the equilibrium adsorption amount at different initial dye 
concentrations is required. In this work an initial dye concentration range of 20 -150 mg/L were 
selected. The equilibrium adsorption data were interpreted using Langmuir and Freundlich 







𝑞𝑚⁄  (6)  
𝑞𝑒 = 𝑘𝑓𝐶𝑒
1
𝑛⁄  (7) 
Where 𝐶𝑒 (mg/L) and 𝑞𝑒 (mg/g) and 𝑞𝑚 are the equilibrium concentration, the adsorption 
capacity at equilibrium and the maximum adsorption capacity, respectively. 𝑏 (L/mg) is the 
Langmuir equilibrium constant and 𝑘𝑓 is the Freundlich equilibrium constant. 𝑛 gives details on 
the heterogeneity and intensity of adsorption. Langmuir parameters are obtained from the 
slope and intercept of 
𝐶𝑒
𝑞𝑒
⁄ versus 𝐶𝑒 linear plot. The slope and intercept of ln 𝑞𝑒 versus ln 𝐶𝑒 
is used to determine Freundlich parameters.   
4.3. Effect of adsorbent dosage 
 
The optimum adsorbent dosage is an important parameter to consider which effects the 
amount of dye adsorbed onto the surface of a hydrogel.4 The adsorbent dosage is related to 
surface area and availability of active sites. In many adsorption systems there exists an 
optimum dosage and use of more adsorbent results in negligible change in removal efficiency 
and in needless waste of adsorbent. For adequate adsorption, a high surface area is required 
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Figure 4.1. Effect of adsorbent dosage on adsorption of MB onto PVP1/MAn-1-OR-20 hydrogel 
at at 298.15 K, pH 7.12, 𝐶0= 10 mg/L, V = 0.1 L, t = 24 hours 




for a maximum interaction with active sites. In this work effect of adsorbent dosage at ~pH 7.0 
was studied. As seen in Figure 4.1, the removal efficiency (% RE) increases with an increase 
in the adsorbent dosage, while the adsorption capacity decreases with adsorbent dosage. An 
increase in % RE is attributed to an increase in surface area and an increase in the number of 
available of sorption sites are available. The adsorption amount should increase with an 
increase in adsorbent dosage because more sorption site become available.14 In this work we 
observed a decrease in the adsorption capacity with an increase in adsorbent dosage. Hu et 
al. reported a similar trend, in explaining this, they attributed the decrease to the presence of 
osmotic pressure which causes equilibrium to be reached quickly, without necessarily 
achieving efficient usage of actives sites.4 It is likely a similar phenomenon is at play in this 
work as well, i.e.  active sites are not efficiently used during adsorption. In literature studies 1 
g of swollen hydrogel is used for kinetic and isothermal studies. Therefore, for comparative 
analysis 1.00 g of swollen hydrogel was selected for the experiments. 
4.4. Effect of pH  
 
The pH is a crucial external parameters to consider as it influences the adsorption capacity of 
a hydrogels.12, 15 For hydrogels with amine, hydroxyl or carboxylic moieties, the adsorption 
capacity is heavily dependent on the initial pH of the solution. By controlling solution pH, the 
surface properties of these hydrogels, as well as the degree of ionization of adsorbate 
molecules changes.9, 16 Solution pH influences the electrostatic repulsion and electrostatic 
Figure 4.2. Effect of pH on the removal efficiency of MB onto PVP1/MAn-1-OR-20 
hydrogel at 𝐶0 = 10 mg/L, t = 24 hours, dosage of swollen hydrogel m = 1.042 g. 
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interactions between dye and adsorbent,17 therefore, the adsorption behaviour of PVP1/MA1-
OR-20 was studied by adjusting the pH in the range of 2.0 -12.0. The results are shown in 
Figure 4.3. Predictably the adsorption capacity (qt) and % RE of MB indicated a strong 
dependency on pH. At a pH of 2.31 39 % removal efficiency is achieved. When the pH 
increased from 2.31 to 4.18 the % RE and qt increased dramatically from 39 % to 79 %. Further 
increase of pH from 4.18 to 7.96 resulted in a slight increase in % RE from 79 % to 86 %. At 
high pH values (pH ~ 12) %RE reaches 94 %. It is reported that the pKa1 and pKa2 of maleic 
acid is 1.9 and 6.07,18 As the pH varies mainly two types of interactions are at play, see Figure 
4.3. At pH > pKa carboxylic functional groups are ionized resulting in a negatively charged 
surface thus, a cationic pollutant, such as MB being adsorbed through ionic interactions.15 The 
moderate removal efficiency obtained at pH < pKa can be explained by hydrogen bonding 
interactions. pH ≤ 2.3 –COO
-
 groups are protonated to –COOH groups, resulting in negligible 
electrostatic interactions between the hydrogel and the cationic MB and predominately 
hydrogen bonding COOH and MB, see Figure 4.3. This suggests that the adsorption process 
is dependent on physical interaction as well as ionic interactions. 
 
Figure 4.3. Types of interactions between PVP/MA hydrogel and MB at different pH 





4.5. Effect of contact time and sorption kinetics  
In addition to a high adsorption capacity, the rate of removal in a batch process is an important 
parameter to consider.10 The purpose of adsorption kinetics is to determine the time required 
for adsorption and to describe the adsorption process.12 The effects of contact time on the 
adsorption of MB was investigated in this section. All experiments were carried out at pH ≅ 7.0 
and the contact times was varied from 1 hour to 72 hours. A minimum of 3 days was required 
to reach equilibrium. Figure 4.4 shows the effect of time at on the adsorption capacity at an 
initial concentration of 50 mg/L. As time progresses the adsorption increased until a limited 
increase in adsorption was observed (equilibrium adsorption capacity,𝑞𝑒). As time progresses, 
the rate of adsorption of MB decreased due to the saturation of active sorption sites. 
Furthermore, due to the bulky nature of the hydrogel, more time is required to achieve 
equilibrium. In the bulk form MB uptake is much slower, to increase surface area gels are often 
ground into small particles.8, 9  
In addition to determining the rate of adsorption and equilibrium, adsorption kinetics give 
insight on the adsorption pathway and probable mechanism involved in the adsorption 
process. This is important data to consider in the design of adsorption systems. At the solid-
liquid interface, the adsorption and the accessibility to adsorption sites can be described by 4 
Figure 4.4 Time-dependent MB adsorption onto PVP1/MAn-1-OR-20 hydrogel at C0 = 50 mg/L, pH = 
7.21, dosage of 1.00 g of swollen hydrogel, V = 0.1 L, room temperature (298.15 K). 






























steps: bulk diffusion, external diffusion, intraparticle diffusion and interaction with the surface 
sites either by physisorption or chemisorption.6 The rate determining step is the step with the 
slowest rate. Generally, bulk diffusion and interaction with surface sites are relatively fast 
compared to external diffusion and intraparticle diffusion.6 To comprehend the characteristics 
of the adsorption process various kinetic models are employed. In this work, intraparticle 
diffusion, pseudo first order, pseudo second order kinetic models were employed to investigate 
the adsorption mechanism. For the various models, kinetic constants, and linear regression 
correlation coefficient (R2) values were calculated and models with the best fit were used to 
describe adsorption mechanism. The parameters for pseudo first order and pseudo second 
order, and intraparticle diffusion models at two different concentrations are shown in Table 4.1. 
The models are represented by equation 3, 4, and 5, respectively.  
Table 4.3 Kinetic parameters for MB adsorption onto PVP-MA hydrogel 
 
Depending on the initial concentration two kinetic models were applicable: pseudo-first order 
and pseudo-second order. To ascertain pseudo first order parameters, ln([𝑞𝑒 − 𝑞𝑡]) is plotted 
against t shown in Figure 4.5. The pseudo first-order model describes a diffusion-controlled 
process in which physical sorption is the mechanism of removing the adsorbate. The pseudo-
second-order model assumes that chemical sorption as the rate determining step. For the 
 Initial MB concentration 















-1) 13.18 12.88 8.717 19.91 35.87 11.20 
𝐾1(h
-1) 0.0432 0.095 0.143 0.0412 0.0793 0.117 
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10−8 
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13.18 12.88 8.717 2.77 2.79 1.29 
R2 0.801 0.801 0.143 0.914 0.915 0.577 
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 Linear fit of 50 mg.L-1
 Linear fit of 75 mg.L-1












Figure 4.6. Fitting curves of pseudo-second order model of MB adsorption onto 
PVP1/MA1-OR20   hydrogel at C0 = 20, 50, 75, 100, 150 mg∙ L-1, pH 7.21, 1 g of swollen 
hydrogel, V = 0.1 LT = 298.15 K and t =72 hours. 
Figure 4.5. Fitting curves of pseudo first order of MB adsorption onto PVP1/MA1-OR20 
hydrogel at C0 = 20, 50, 75, 100, 150 mg/L, pH 7.21, 1 g of swollen hydrogel, V =100 
mL, T = 298.15 K, and t =72 hours. 
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pseudo-second order model, 
𝑡
𝑞𝑡
 is plotted as a function of t (see Figure 4.6). Parameters for 
intraparticle diffusion model were obtained using qt vs t1/2 plots and parameters are reported in 
Table 4.1. Adsorption kinetics exhibited a concentration dependency. At 20 mg/L, the R2 value 
for the pseudo-first order (0.935) is greater than R2 (0.756) for pseudo-second order. The 
results suggest that at low concentrations the pseudo-first order model is a more suitable 
model in describing the adsorption mechanism i.e., physisorption determines the adsorption 
process. As the concentration increased to 𝐶0 ≥ 50 mg/L pseudo-second order model became 
more applicable. Therefore, with an increase in concentration the rate of adsorption is 
controlled by the reaction at the liquid/surface interface and a chemical process is most likely 
taking place. 
4.6. Comparison of adsorption capacities of various adsorbents 
for MB. 
Table 4.2 Comparison of adsorption capacities at of various hydrogels for the removal of MB 
dyes and other dyes. 
 
Adsorbent Type Dye Type Adsorption 
Capacities (mg/g) 
Reference 
Activated Carbon Methylene blue 581 19  
Alignate/Polyaspartate 
Hydrogels 
Methylene blue  600-700 20  
Cellulose/Chitosan 
Hydrogel 
Congo red 40 21  
Cellulose Nanocrystal-
Alginate 
Methylene blue  256 22  
Β-Cd/PAA/GO 
Nanocomposite 
Methylene blue 247 23  
Ls-G-Hydrogels Methylene blue  2013 13  
P(HEMA-Co-DMAA) 
Copolymer 




Methylene blue 22.2 24  
Pvp1/Ma1-Or-20  Methylene blue 134 This work 




To understand the adsorption capability within the context of other hydrogel adsorbents, a 
comparison of the dye adsorption capability of PVP1/MA1-OR-20 hydrogel relative to other 
studies is reported for. Table 4.2 gives examples of hydrogels used for the removal of 
methylene blue and other dyes. PVP1/MA1-OR-20 hydrogel exhibits greater adsorption 
capacity compared to contemporary synthetic polymer hydrogel such as N-
Isopropylacrylamide-based hydrogel or p-(HEMA-CO-DMAA) copolymer. Presumably due to 
the presence of amide and carboxylic functional groups which can remove cationic dyes 
efficiently. However, PVP-sdMA1:1-OR hydrogels performance is less when compared with 
carbohydrate based- hydrogels which have more functionality. As a method to improve 
performance of PVP-sdMA1:1-OR hydrogels optimization of hydrogel synthesis is required. Low 
conversions of MA reported in chapter 3 implies that the polymer backbone contains minimal 
MA repeat units, leading to a relatively low adsorption capacity. 
4.7. Effect of initial concentration and adsorption isotherms 
The feasibility of an adsorption process and the type of interactions between hydrogel and MB 
dye at a constant temperature were evaluated and described by adsorption isotherms. To plot 
isotherm curves an equilibrium adsorption of MB, 𝑞𝑒 at different initial concentrations was 
measured. Figure 4.7 shows the effect of concentration on the adsorption. The adsorption 
capacity is clearly dependent on the initial concentration of MB, with an increase in initial 
concentration the adsorption capacity increases. Certain adsorption capacity values were 
outside the calibration range and therefore, not included. As the initial MB concentration 
Figure 4.7. Time-dependent adsorption of MB onto PVP1/MA1-OR-20 hydrogel 𝐶0 = 20, 50, 
75, 100, and 150 mg/L, m ≅ 1.00 g, T = 298.15 K  
































increases the adsorption capacity at equilibrium increased owing to an increase in 
concentration gradient between the liquid phase and adsorbent phase. At a high concentration 
gradient MB molecule travel from an area of high concentration (liquid solution) to an area of 
low concentration (adsorbent). However, at low concentration the driving force for mass 

























Figure 4.8 Linear curves of Freundlich isotherm model of MB 












og Ce (mg/g) 
Figure 4.9 Linear curve of Langmuir isotherm model of MB 
adsorption at 298.15 K 




















Equation y = a + b*x
Adj. R-Squar 0,95181
Intercept Value Standard Error
Slope 0,221 0,0118
0,00715 1,51E-4




transfer decreases due to lower concentration gradient. Ideally, an adsorbent should reach 
equilibrium within 3 hours. In this work hydrogels were used in the bulk form (low specific area) 
thus, long equilibrium times were required. Adsorption isotherms are important for determining 
interaction of MB concentration with adsorbent and favourability of adsorption process. 
Isotherms also describe the distribution of adsorbate molecules between the two phases: 
sorbate and liquid phase at equilibrium. In chapter 2 various isotherm models were discussed 
along with the assumptions made in their derivation. In this work Langmuir and the Freundlich 
models, which are models commonly employed for the description of surface interaction, were 
utilized. The models are represented by equations 6 and 7, respectively. To obtain Langmuir 
and the Freundlich fits, Ce/𝑞𝑒 versus Ce and Log 𝑞𝑒 versus Log Ce were plotted, see Figure 4.8 
and 4.9 for respective plots. All the isotherm model parameters at different temperatures are 
presented in Table 2. 
 Table 4.4 The isotherm parameter for MB sorption onto PVP-MA hydrogel at room 
temperature. 
  
At room temperature, the correlation coefficient (R2) of Langmuir and the Freundlich models 
were 0.6573 and 0.9862, respectively. Therefore, Freundlich model is the more appropriate 
model for the adsorption behaviour of PVP1/MA1-OR gel towards MB. This implies that the 
adsorption of MB on PVP1-MA1-OR gel is multilayer rather than a monolayer adsorption 
process. Additionally, the Freundlich model assumes that the surface of sorbent in 
heterogeneous.12, 25 This is applies in the present case. Since hydrogels were synthesized by 
“conventional” free-radical polymerization MA and NVP monomers were inserted randomly 
along the polymer backbone, therefore, carboxylic acid and amide functionalities are 
heterogeneously distributed due to random monomer incorporation.11  
4.8. Effect of temperature and thermodynamic parameters 
To investigate adsorption thermodynamics, the effect of temperature on the adsorption 
process was conducted. The empirical Van’t Hoff and Arrhenius equations.26 27 To evaluate 
the thermodynamic parameters of MB adsorption onto the PVP1/MA1-OR-20 hydrogel, three 
Adsorption isotherm Isotherm constant Values 
Langmuir 
𝑞𝑚 [𝑚𝑔/𝑔] 14.0 




𝑛⁄  1.46 
𝐾𝑓 [𝑚𝑔/𝑔] 0.313 
𝑅2 0.986 




different temperatures (298.15 K, 305.15 K, and 318.15 K) were selected. The removal 
efficiency increased with a rise in temperature, this can be attributed to the rise in kinetic energy 
for faster diffusional transportation between liquid phase and adsorbent phase. For further 
insight adsorption mechanism thermodynamic parameters free Gibbs energy ∆𝐺, enthalpy ∆𝐻 





∆𝐺 = −𝑅𝑇 ln 𝐾𝑑 (9) 







Where T (K) is the absolute temperature, R (8.3145 J∙mol-1. K-1) is the ideal gas constant and 
𝐾𝑑 is the thermodynamic equilibrium constant. The values for ∆𝐻 and ∆𝑆 are calculated from 
the slopes and intercept of the plot ln 𝐾𝑑 versus 1/T, respectively.  
Table 4.4 Thermodynamic parameters of MB onto PVP-MS hydrogel at different initial 
concentrations. 
 
Results of thermodynamic parameters are illustrated in Table 4.4. For all temperatures, a 
negative ∆𝐺 value is obtained, implying that adsorption of MB is a spontaneous process. The 
magnitude of ∆𝐺 increases with increasing temperature indicating that the adsorption process 
becomes more favourable at elevated temperatures. Positive ∆𝐻 values confirm the 
endothermic nature of the process which is further supported by the decrease in adsorption 
capacity at low temperatures, ∆𝑆 values give information on the randomness of the system. 
Positive ∆𝑆 values indicate an increased randomness at the hydrogel-liquid interface. 
4.9. Conclusions 
 
The preliminary studies on the adsorption capacity of synthesized PVP1/MA1-OR gel was 
successfully conducted. The effect of adsorbent dosage, pH, initial concentration, and 
temperature were investigated. Results indicated that as the dosage is increased the 
MB 
conc. 
∆𝑮 (KJ∙mol-1) ∆𝑯 ∆𝑺 R2 
mg/L 298.15K 305.15K 318.15K (kJ∙mol-1) (J∙mol-1∙K-1)  
20 -4.16 -4.45 -5.41 20.9 89.6 0.985 
50 -4.58 -4.72 -5.26 11.5 52.3 0.971 
75 -4.50 -5.32 -6,63 28.8 111.9 0.991 
150 -1.52 -3.94 -5.32 60.8 228.9 0.892 




adsorption capacity decreases due to inefficient use of available adsorption sites. Kinetic 
modelling of adsorption shows concentration dependency. At low concentrations, the pseudo-
first order model is applicable and at higher concentration the pseudo-second order model is 
valid. Additionally, kinetic studies indicate that longer periods are required for the hydrogel to 
reach equilibrium. This is particularly concerning as an ideal adsorbent should reach 
equilibrium within 3 hours. The hydrogel achieved adsorption capacity of 134 mg/g comparable 
to Freundlich model best describes the distribution mechanism. This suggests that the surface 
of the hydrogel is heterogeneous. Positive ∆𝐺, ∆𝐻 and ∆𝑆 values indicates that the adsorption 
of MB onto PVP1/MA1- OR hydrogel is favourable, and that the adsorption is endothermic. ∆𝑆 
values suggest that there is an increased randomness at the interface of the hydrogel-liquid 
phase. Therefore, we conclude that the PVP1-MA1 hydrogel can be used to remove MB 
polluted water. 
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Chapter 5 Conclusions and Recommendations  
The research work completed thus far serves as a preliminary investigation on the synthesis 
of PVP based hydrogels and the study of adsorption capacity of PVP based hydrogels. 
Chemically crosslinked PVP-OR-M hydrogels displayed poor mechanical properties. An 
increase in BCOPENH2 content resulted in an increase in opacity and the formation of white 
precipitates embedded in the hydrogel. The change in opacity is attributed to the 
inhomogeneity of crosslinks along polymer network. The formation of white cauliflower-like 
precipitates is attributed to low conversions of NVP. However, further kinetic studies, are 
necessary to conclude on this observation.  
Owing to the weak nature of PVP-OR-M hydrogels, PVP/MA–OR hydrogels were prepared. 
This method was inspired by several literature findings where acrylic acid was copolymerised 
with NVP. The presence of carboxylic acids along the polymer backbone endows the polymer 
network with additional physical crosslinks. MA has structural similarities with acrylic acid in 
that it has carboxylic moieties. The presence of MA along the polymer back bone enhanced 
the mechanical properties of PVP1/MA1–OR-20 similar to how AA enhances the mechanical 
properties of PVP. The presence of both chemical and physical (hydrogen bonds) crosslinks 
resulted in a polymeric hydrogel with enhanced strength. Furthermore, the presence of 
carboxylic acids imparts pH responsiveness into the hydrogel. The PVP1/MA1 –OR-20 hydrogel 
exhibited extraordinary swelling capabilities and was able to achieve %SR (> 1000 %) 
comparable to that of known superabsorbent polymers. Due to this display of exceptional 
swelling capability, the PVP1/MA1 –OR-20 was selected for preliminary adsorption studies. 
In addition to copolymerisation of PVP, PCN were explored as a possible method for the 
synthesis of PVP hydrogels. These PCNs under the optimal polymer and clay content would 
be mechanically strong and are able to swell and deswell. In this work a preliminary 
investigation of on the effect of LAPONITE content and monomer concentration on the strength 
of the gel were conducted. The compression tensile strength of the hydrogels was tested. An 
increase in clay content resulted in an increase in the modulus, strength, and strain of hydrogel. 
Furthermore, an increase in polymer content (i.e., monomer concentration) resulted in an 
increase in modulus and strength of the hydrogel. Despite the PCN hydrogels exhibiting 
enhanced mechanical properties, when compared to PCNs prepared other groups, hydrogels 
exhibited limited mechanical range. Further studies are required. The synthesis PVP/MAn- PCN 
hydrogels was also attempted, albeit unsuccessfully. When therefore, as part of the synthesis 
work, preliminary investigation of the effect of MAn- on the stability of clay dispersion. It was 
found that an increase in MAn- resulted in aggregation, suggesting instability of clay dispersion. 
The solution viscosity is an indicator of this instability in clay dispersion. Thus far we only relied 
on visual observations. As part of the future work of this section of work, viscosity studies are 
required to gain an in depth understanding of the work. 




For adsorption studies the effect of dosage, pH, initial concentration, and temperature was 
investigated. Increase in adsorbent dosage resulted in a decrease in adsorption capacity. At 
high dosages available active sites were inefficiently used during the adsorption process. Thus, 
for effective use of adsorption site low adsorbent dosages are required. pH also influenced the 
adsorption capacity this is attributed to the surface charge of the polymer, with an increase in 
pH the surface becomes more negatively charged thus attracting the cationic dye MB. Kinetic 
studies of the adsorption process indicated that at high concentrations a pseudo-second order 
model was applicable and at low concentration pseudo-first order model became relevant. At 
high concentrations chemisorption is the dominate process and at low concentration 
physisorption is the dominate mechanism. Isotherm studies showed an unfavourable 
adsorption process at room temperature, this was further confirmed by thermodynamic studies 
were ∆𝐺 > 0. 
Future work and recommendations  
As previously stated, this work serves as a preliminary investigation on the synthesis of PVP 
based hydrogels and the study of their adsorption capacity. The work conducted thus far 
serves as a guideline for an extensive investigation on the synthesis of organically crosslinked 
PVP based hydrogels and PCNs. To fully comprehend the nature of crosslinker which 
influences the hydrogels formed, more in-depth kinetic studies, including the use of controlled 
radical polymerisation, are required. PVP/MA hydrogels are very promising hydrogels 
however, they require extensive characterisation to substantiate visual observations. 
Furthermore, an expansion on the preliminary work of PCN hydrogels where the MAn- is 
incorporated into the polymer clay network.  
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